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Abstract
Recent studies show that one in 13 women will suﬀer from breast cancer throughout his life. In spite of the
increase of breast cancer incidence, the mortality is decreasing signiﬁcantly, up to a point that nowadays
90% of localized breast tumors are curable. Nevertheless a tumor only can be cured when is detected in his
early stage. In this sense, periodic scanning recommendations in woman over 50 are of vital importance.
Currently, X-ray mammography is recognized as the preferred method, however it entails uncomfortable
breast compression and exposure to low levels of ionization radiation, which can put some inconvenience
for the woman to respect the recommendations. Microwave tomographic imaging techniques appeared as
a solution to overcome this drawbacks while oﬀering a good trade-oﬀ between resolution and penetration
depth. Moreover healthy and malignant breast tissue present at these frequencies high contrast in dielec-
tric properties which is the magnitude to be imaged.
In this Master Thesis a contribution to active microwave imaging for breast tumor detection is pre-
sented. Microwave imaging is a nonlinear inverse scattering problem, where complex permittivity of an
object is reconstructed from the measured scattered ﬁeld produced by this object. To solve that problem,
it can be either linearized with some approximation or solved with an iterative algorithm. By using an
iterative algorithm, a cost function is optimized to obtain the solution, however it requires to introduce a
priori information by assuming any property of the imaged tissue as known, which can pre-condition the
solution. In this work, a novel UWB Hybrid Focusing algorithm is proposed, which uses Born approxi-
mation to linearize the problem and allows to obtain reconstructions of high contrasted large objects with
a reasonable error. The idea behind UWB Hybrid focusing is the incoherent multifrequency combination
of coherent multiview focused images. To do that, a number of microwave sensors (transmitters and
receivers) are distributed on a circular region that may completely surround the object under investiga-
tion to measure scattered ﬁelds. Each sensor is alternatively activated as a transmitter, and the received
signal at the rest of the sensors is captured, thus allowing to use information from all directions in the
reconstruction procedure. UWB signals are proposed as illuminating signals since they are able to provide
enhanced image resolution and more clutter rejection when compared to monofrequency reconstructions,
which is traduced in the image as a more true and fair reconstrucion with less artifacts that could be
interpreted as false positive detections. However the UWB extension of this algorithm has to be carefully
done in order to avoid destructive interferences between the reconstructions at diﬀerent frequencies by an
incoherent combination.
To verify the algorithm, reconstructions of progressively more realistic breast numerical phantoms
have been made. When applying large and high contrasted realistic breast phantoms to any image
reconstruction algorithm, a matching medium is required to minimize the reﬂected energy out of the
breast. This aspect, together with the capability of the algorithm to deal with the inherent inhomogeneity
in the breast, will also be inspected. Furthermore, motivated by the importance of detecting tumors at
early stage, the ability to detect small inclusions will be tested. Experimental work is the culminative part
of this dissertation. It covers the implementation of a two degrees of freedom imaging setup designed to
deal with non-symmetric realistic objects in order to demonstrate the whole functionality of the algorithm.
Another issue covered in this part, is the realization of breast phantoms progressively more realistic, ﬁrstly
to verify the functionality of the experimental setup and later to test the capability of the algorithm to
detect tumors in phantoms emulating the relative contrasts exhibited by real women breasts.
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Chapter 1
Introduction
This chapter will introduce the reader to the concept of microwave imaging in biomedical applications and
specially to breast cancer detection insights. First of all, the high incidence rate of breast cancer, combined
with the proved reduction in mortality when tumors are detected in its early stage of development, motivates
the research into more sensitive and less harmful tumor detection methods. In this work, a complete system
engineered for breast tumor detection based on microwave tomography imaging method is being described.
Microwave tomography oﬀers important advantages, such as the high sensitivity to changes into dielectric
properties in the tissue to be imaged due to cancerous processes, but also a number of challenges which
must overcome the image reconstruction algorithm.
1.1 Motivation
Nowadays, cancer is a matter of major concern for the public health since it will aﬀect one in tree men
and one in four women throughout their lives. The incidence of cancer in Spain is 162,000 cases annually,
and it is the second most common cause of death after cardiovascular diseases. In terms of mortality,
as reported in [1], in 2006, the most lethal tumors in men were lung cancer (16,859 deaths), colorectal
cancer (7,703) and prostate cancer (5,409); and in women, breast cancer (5,939), colorectal (5,631) and
lung cancer (2,624). Noteworthily, the survival rates of the more frequent cancers have increased from a
56.4% (1990) to a 59% (2002) for the women, and from a 44% to a 49.5% for the men in the same period.
Moreover, two in three people aﬀected of cancer, live more than 5 years after the diagnosis. The reason
for this improvement is due to the better knowledge of the cancer's biology, the clinic investigation and
the early detection campaigns. In particular, breast, cervical and colorectal cancers are the solid tumors
which the early detection campaigns have been demonstrated to be eﬀective to increase the probability
of recovery.
In the particular case of breast cancer, it is the most frequent cancer in the women of Western coun-
tries and one of the most important causes of mortality of middle aged women, representing a 20% of
the deaths caused by any tumor. The International Agency for Research on Cancer (IARC) [2] estimates
that in 1998, 15,528 cases of breast cancer were diagnosed in Spain which represents a rate of 77,06 each
100,000 women. In the European union the incidence is bigger, 109,84 each 100,000 women. Nowadays,
the incidence of breast cancer keeps on increasing, for instance in Catalunya [3], it has augmented from
42,8 cases each 100,000 in 1985 to 70,9 in 2002, which means that one in thirteen women will suﬀer from
breast cancer throughout his life. Luckily, in many countries, the mortality is decreasing; in fact, breast
tumors are between the ﬁve cancers with the highest survival rate. In Catalunya, the survival rate after
5 years of the diagnosis has increased form the 66.7% in the period 1985-1989, to 75.9% in 1990-1994
(this values are similar to the European and Spanish averages). The change of tendency in the mortality
is due to the progress in diagnosis and treatment, and the early detection screening programs, based on
X-ray mammograms, introduced in many countries. In this sense, the European Union encourages women
between 50-70 years to submit to a mammography every two years, in United States, the USPSTF (U.S.
Preventive Services Task Force), advise to move forward the mammography to 40 years, and in Spain,
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the PAPPS (Programa de Actividades Preventivas y de Promoción de la Salud) oﬀers a mammography
every two years to women up to 50 years.
X-ray mammograms, in spite of being the current preferred breast scanning method for the early
detection of cancer and being analyzed through seven big studies since the 60's showing a reduction of
mortality of 20%, are still controversial. A report from Kerlikowske demonstrated the eﬃciency of the
mammogram only in women up to 50 years; another review from Olsen [4], questioned the quality of
the previous studies and pointed out that it can not be demonstrated that the mammography reduces
the mortality of breast cancer. Two more recent studies form the USPSTF and the IARC (International
Agency for Research on Cancer), conﬁrm the results of Kerlikowske.
Forgetting controversy, X-ray mammography fulﬁlls almost all the requirements to be an eﬃcient imag-
ing tool. An imaging tool must have low health risk, be sensitive to tumors and speciﬁc to malignancies,
detect breast cancer at a curable stage, be noninvasive and simple to perform, cost eﬀective and widely
available, involve minimal discomfort to women and provide easy to interpret, objective and consistent
results. Today, X-ray mammography suﬀers from several limitations. During the procedure, the breast is
compressed by a dedicated mammography machine to increase image quality and to hold the breast still,
which can entail some inconvenience or even pain for the women with sensitive breasts. X-ray mammog-
raphy has a false-positive rate between 2.8% and 15.9% and a false-negative (missed cancer) rate between
4% and 34% [5]. The false-positive rate is due to the pursuit of the highest sensitivity so as to not miss
any cancers. The cost of this, is a relatively large number of results that would be regarded as suspicious
in patients without disease. This patients must be called back for further testing and sometimes more
intrusive test like a breast biopsy is required. Obviously, some women may become anxious and distressed
about the possibility of having breast cancer. Concerning the false-negative rate, it is partially due to
the observer error, but more frequently it is because the cancer is hidden by other dense tissue and the
fact that the appearance of cancer on a mammogram has a large overlap with the appearance of normal
tissues. Furthermore one form of breast cancer, lobular cancer, produces shadows on the mammogram
which are indistinguishable from the normal breast tissue. Besides those detection limitations, mammog-
raphy uses ionizing X-rays. Even though the radiation is kept on low levels in today's mammography
equipments, here is still a small risk that the exposure of ionizing rays produces breast cancer. However,
the risk of radiation-induced breast cancer is minuscule, particularly compared with the potential beneﬁt
of mammographic screening, with a beneﬁt-to-risk ratio of eight out of 100,000 women who undergo X-ray
mammography screening for 10 years.
Nowadays only complementary non-ionizing imaging methods exist [6], the most important ones are
ultrasound imaging, and magnetic resonance imaging (MRI). Ultrasound is typically used for further
evaluation of masses found on mammography or palpable masses not seen on mammograms. MRI can
be useful for further evaluation of questionable ﬁndings as well as for pre-surgical evaluation in patients
with known breast cancer. This considerations reinforce the fact that there is a need for complementary
or alternative imaging modalities. In this sense, Microwave imaging can provide with images of the
shape and contrast in permittivities of the imaged tissue without using ionizing radiation and avoiding
uncomfortable breast compressions. The high dielectric contrast between healthy and malignant breast
tumor tissues exhibited by microwave spectrum, combined with a good trade-oﬀ between resolution and
penetration depth capability, motivated a major research eﬀort from diﬀerent research groups towards
turning microwave imaging into an eﬃcient imaging modality for visualizing complex dielectric properties
applied to breast tumor detection.
1.2 Introduction to the Microwave Imaging problem
Microwave imaging, like X-ray tomography, is an imaging modality based on illuminating the sample
under test with an incident radiation. By measuring the disturbed signal at the receiver, an image of
the properties of the sample interacting with the illuminating ﬁelds can be obtained. By using X-rays,
the quantity to be imaged is the tissue density, while microwaves are sensitive to dielectric properties.
Whereas both approaches have similar ways to be applied, fundamental diﬀerences appear in the manner
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the waves interact with the tissue. In the case of X-rays, the wavelength is very small compared to the
size of the object and linear path ray propagation can be assumed, simplifying the problem signiﬁcantly.
However, in microwave region, the wavelength is on the order of the object size, which causes an apparent
bending of waves around the obstacles, named diﬀraction. Diﬀraction eﬀects occur whenever propagation
waves encounter an alteration in the properties of the medium, and it is more pronounced for waves having
a wavelength on the order of the size of the diﬀraction objects. Thus, in the case of using microwaves as
illuminating signals, diﬀraction can not be neglected.
As said, microwave tomography is very useful in biomedical applications, since the microwave region
of electromagnetic spectrum provide information about the dielectric properties of matter which can be
translated to information related to their physiological state. The choice of the Ultra Wideband (UWB)
frequency range (3.1-10.6 GHz) as illuminating signal, results from the trade-oﬀ between resolution and
depht of penetration. The requirement for penetration of tissues is satisﬁed with a low frequency of
operation; in contrast, for an enhanced resolution, diﬀraction-limited systems require high operation fre-
quencies. Moreover, an UWB signal provides advantages compared to monofrequency alternatives, in
terms of higher resolution and clutter rejection.
In order to produce an image of the dielectric properties of the object under test from the measured
ﬁelds at receiving antennas by using microwave tomography, an inverse scattering problem has to be
solved. The shape of the object and spatial distribution of the complex permittivity are obtained from
the scattered ﬁeld, which can be derived from the diﬀracted or received ﬁeld and the known incident ﬁeld.
Solutions to most inverse scattering problems at microwave frequencies are diﬃcult. Depending on the
object's dimensions, discontinuity and separation compared to the wavelength, but also on the contrast in
dielectric properties of the inhomogeneity, the wave undergoes multiple scattering within the object to be
reconstructed. This, results in a nonlinear relationship between the measured and scattered ﬁelds and the
object function. In general inverse scattering approaches (specially for whole body imaging) suﬀer from
non uniqueness and multiple wrappings of the scattered ﬁeld phases, however, with smaller geometries as
is the case of breast imaging, this last concerns are minimal. The shape and the easy access to breast
by a screening system, when compared to other organs, impulsed also the development of breast imaging
algorithms. To solve that inverse scattering problem, it can be either linearized with some approximation
or solved with an iterative algorithm. By using an iterative algorithm, a cost function is optimized [7] to
obtain the solution. Nevertheless, the non-linearities often causes the algorithm to get trapped in a local
minimum leading to an incorrect reconstructions. To overcome this problem, a priori information has
to be introduced by assuming any property of the imaged tissue as known, which can pre-condition the
solution. Moreover, this information is not always available and could present high variability between
patients [8]. In this work, the problem is linearized by using the Born approximation, which assumes
weakly scattering objects, that allows to obtain reconstructions with a reasonable error [9].
1.3 Organization of the dissertation
This master thesis is organized as follows. In this chapter, microwave imaging was introduced, concentrat-
ing a special interest on breast tumor application. The motivation was also depicted showing the reasons
why microwave imaging for breast tumor detection is being a hot research topic.
In chapter 2, the novel UWB Hybrid Focusing algorithm which is being used in this work as image
reconstruction method, is formulated. Hybrid focusing performs the incoherent multifrequency combi-
nation of coherent multiview focused images in order to retrieve an image representing the dielectric
properties of the tissue under test. By extending it to the UWB range, an enhancing in its performance is
obtained when working with high contrasted large objects. At the end of this chapter, the algorithm will
be described from the implementation point of view, and some guidelines will be given for its practical
application.
Chapter 3 is focused on trying to identify the most representative research groups working in mi-
crowave based techniques for breast cancer detection and describe its main contributions to position our
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UWB Hybrid Focusing algorithm. This chapter is also devoted to describe the dielectric characteristics of
human tissues, with an extra attention to female breast tissues in order to model more accurately breast
phantoms in simulations as well as in experimental measurements.
In the fourth chapter, the numerical validation of the algorithm is issued. Simulations are carried out
with the FDTD based simulation software MEEP. First, canonical geometries are studied to see more
clearly the intrinsic limitations of the method and the behavior when working with non-Born scenarios.
Next sections, more realistic numerical breast phantoms will be implemented and applied to the algorithm.
Here, the need of a background medium between the probes and the body under test, which matches its
permittivity, is conveyed. Once the matching medium is identiﬁed, the behavior of the algorithm is tested
in terms of early stage tumor detection and robustness to beast inherent inhomogeneity.
In chapter 5, we will cross the barrier of theory and simulations, to focus on experimental measure-
ments. In ﬁrst part of the chapter, a two degrees of freedom air immersed measurement system for general
2D breast inspections is implemented and described. For its validation, some preliminary measurements
have been carried out with only one degree of freedom system, permitting only the scanning of objects
with revolution symmetry. Finally, more realistic air and sunﬂower oil ﬁlled breast phantoms are con-
structed and measured with air as a matching medium. With these measurements the capacity of UWB
Hybrid Focusing to detect breast tumor is assessed.
The concluding remarks and the future work are issued in chapter six.
Chapter 2
UWB Hybrid Focusing
UWB Hybrid Focusing is presented in this Master Thesis as a multifrequency circular tomographic algo-
rithm robust to high contrast large objects, such as breast canciromas. This chapter is devoted to formulate
this algorithm based on the microwave tomographic algorithm for cylindrical geometries developed in 80's
in UPC and extend it to UWB performance. The last part of this chapter will be focused on the description
of the algorithm, this time from the implementation point of view.
2.1 Introduction to Hybrid Focusing
The idea behind UWB Hybrid focusing is the incoherent multifrequency combination of coherent mul-
tiview focused images. More speciﬁcally, it consists of placing a suﬃcient number of microwave sensors
(transmitters and receivers) on a circular region that may completely surround the object under investiga-
tion, in order to characterize its properties by measuring the scattered ﬁelds. Each sensor is alternatively
activated as a transmitter and the received signal at the rest of the sensors is captured, thus allowing
to use information from all directions in the reconstruction procedure. UWB signals are proposed as
illuminating signals since they are able to provide enhanced image resolution and more clutter rejection
when compared to monofrequency reconstructions, and hence to obtain an image with less artifacts that
could be interpreted as false positive detections. However the UWB extension of this algorithm has to be
carefully done in order to avoid introducing artifacts. To combine the reconstructions at diﬀerent frequen-
cies, the algorithm has to deal with frequency-dependent propagation eﬀects which will be compensated
through an incoherent combination.
2.1.1 Fourier Diﬀraction Theorem
Fourier Diﬀraction is a fundamental theorem for the comprehension of the object reconstruction [10].
This theorem links the Fourier transform of the scattered ﬁeld with the Fourier transform of the contrast
proﬁle of the object under test, which is the magnitude to be imaged, and it can be stated as:
When a 2D object is illuminated by a plane wave, the 2D Fourier transform of the scattered ﬁeld
measured along the line TT' (see ﬁgure 2.1) gives the values of the 2D Fourier transform of the contrast
evaluated along a circular arc centered in −k0 and radius k0 in the transformed domain.
Some important remarks of this theorem can be summarized as follows.
 Transmission and reﬂection measurement geometries. When measuring scattered ﬁelds
with a planar system in transmission, only the components of the angular spectrum propagating
according to the direction of incidence can be measured, whereas the backscattering is lost. This
forward components are associated with the right half of the circle in the spectral domain (see OAB
semicircle in ﬁgure 2.2). In contrast, if another measurement line is placed in the opposite side of
the object under test, or in reﬂection conﬁguration, both forward and backscattered ﬁelds can be
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Figure 2.1: When a 2D object is illuminated by a plane wave, the 2D Fourier transform of the scattered
ﬁeld measured along the line TT' gives the values of the 2D Fourier transform of the contrast evaluated
along a circular arc centered in −k0 and radius k0 in the transformed domain.
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Figure 2.2: Some important implications of Fourier diﬀraction theorem.
acquired and points over the entire circle in the spectral domain will be recovered (OACB circle in
ﬁgure 2.2). Accordingly, for a circular geometry, both the forward and backward scattered ﬁelds can
be measured and the Fourier transform of the contrast proﬁle will be obtained over the entire shifted
circle in the spectral domain. However, in practice, backscattered ﬁelds are diﬃcult to measure near
the transmitting element, and the resolution is not as good as theoretically expected.
 Low pass ﬁltering. The Fourier transform of the contrast proﬁle will be zero for the angular spatial
frequencies greater than 2k0. For angular spatial frequencies smaller than 2k0 this magnitude will
be placed along a circle in the transformed domain.
 Multiview. By changing the incidence angle, the reconstruction of the contrast proﬁle will be
obtained in shifted circles of the same radius, all with its center placed along a circle of radius k0
centered in the origin of coordinates (E circle in ﬁgure 2.2).
 Multifrequency. By changing the illuminating frequency, circles of diﬀerent radius centered along
the same direction are obtained (D circle in ﬁgure 2.2).
 Limit. Given that the radius of the circle in spectral domain is k0 = 2pifc , when f → ∞ the circle
degenerates into a line. In practice, this approximation is valid in X-rays, which simpliﬁes greatly
the reconstruction procedure in X-ray imaging systems (see FG line in ﬁgure 2.2).
According to Fourier diﬀraction theorem, two strategies can be applied in order to ﬁll the spectrum
of the contrast proﬁle. Firstly, by using diﬀerent transmitters located at diﬀerent positions surrounding
the object under test and receiving from the rest, a ﬁne sampling inside a circle of radius 2k0 depending
on the number of transmitters will be obtained. With this technique an enhanced longitudinal image
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resolution will be reached. The other option is to use diﬀerent illumination frequencies. By applying
so, the radius of the circle where the spectrum of the contrast proﬁle is reconstructed will change, thus
obtaining an extended transverse resolution. Hence, with this theorem, the convenience of both multiview
and multifrequency circular system, which is being developed in this work, is demonstrated as the more
suitable approach to reach the maximum longitudinal and transverse image resolution.
2.2 Cylindrical Tomographic Formulation
In this work bidimensional geometry is assumed and hence objects under investigation and electromagnetic
ﬁelds are supposed to be invariant in the z-axis. If vertically polarized antennas in the z-axis direction
are used, all electric ﬁeld and current vectors are z-directed, and accordingly we can use the scalar ﬁeld
equations. The formulation developed in this section is based on the work presented in [9, 11].
Let ET (~r) represent the total electric ﬁeld measured at one receiving antenna in presence of the object
under test, and Ei (~r) the incident ﬁeld in absence of the object. The scattered ﬁeld can be deﬁned as
2.1.
Es (~r) = ET (~r) + Ei (~r) (2.1)
It can be also considered as the ﬁeld generated by the equivalent electric current radiating in the
external medium:
Es (~r) = −
ˆ ˆ
s
jωµ0J (~r′)G (~r − ~r′) d~r′ (2.2)
Where G (~r − ~r′) is the Green's Function and J (~r′) is the equivalent induced electric current expressed
as 2.3.
J (~r′) = −jω (ε (~r)− ε0)ET (~r) (2.3)
Let us deﬁne its 2D Fourier transform as 2.4.
J˜
(
~K
)
= F {J (~r)} =
ˆ ˆ
s
J (~r) ej~k~rd~r (2.4)
If the object complex permittivity is close to that of the surrounding medium, the scattered ﬁeld is
negligible in front of the incident one (weak scattering) and the Born approximation can be applied. This
approximation assumes that the total electric ﬁeld is equal to the incident electric ﬁeld.
ε (~r) ∼ ε0 → ET (~r) ∼ Ei (~r) (2.5)
Where ε (~r) is the complex permittivity of the object under test and ε0 (~r) is the complex permittivity
of the external medium. By applying this, the integrand of the equation 2.1 only depends on Ei (~r) which
is known.
To begin with, let us suppose that the object is illuminated by a plane wave incident at an angle θ0,
using θˆ0 as a unit vector for this direction, we have
Ei (~r) = e−jk0θˆ0~r (2.6)
Where k0 = ω
√
µ0ε0 is the wavenumber of the external medium.
As said, the quantity to be imaged is the contrast proﬁle, deﬁned as 2.7.
C (~r) = 1− ε (~r)
ε0
= −ε (~r)− ε0
ε0
(2.7)
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Figure 2.3: Fourier domain for an incident plane wave. Under Born approximation, the bidimensional
Fourier transform of the contrast proﬁle is obtained in the transformed domain over a circumference
shifted on the direction opposite to the incident plane wave.
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Figure 2.4: Multiview Fourier domain. If multiple views are taken for diﬀerent directions of illumination,
the bidimensional Fourier transform of the contrast proﬁle can be obtained inside a circle of radius 2k0
centered at the origin of the transformed domain.
Introducing 2.7 in equation 2.3 and applying the 2D Fourier transform, we have
J (~r′) = −jω (ε (~r)− ε0) e−jk0θˆ0~r = jωε0C (~r) e−jk0θˆ0~r (2.8)
J˜
(
~k
)
= jωε0
ˆ ˆ
s
C (~r) e−jK0θˆ0~rej~k~rd~r = jωε0
ˆ ˆ
s
C (~r) ej~r(
~k−k0θˆ0)d~r = jωε0C˜
(
~k − k0θˆ0
)
(2.9)
Where'0
C˜
(
~k − k0θˆ0
)
=
ˆ ˆ
s
C (~r) ej(
~k−k0θˆ0)~rd~r (2.10)
Is the bidimensional Fourier transform of the contrast proﬁle evaluated over a circumference of radius
k0 and center −k0θˆ0 in the Fourier space, see ﬁgure 2.3.
The reconstruction of 2.9 gives information of the 2D Fourier transform of the contrast proﬁle only
over a circumference of radius k0 shifted a distance of k0 in the direction opposite to the propagation of
the incident ﬁeld. In order to obtain the reconstruction in a denser mesh, diﬀerent directions of incidence
must be considered, see ﬁgure 2.4. In other words, by transmitting from one of the antennas and receiving
for the rest and repeating this procedure for all transmitters, a bidimensional sampling inside a circle
of radius 2k0 in the spectral domain will be obtained. Accordingly, the reconstructed contrast proﬁle
calculated through the inversion of C˜
(
~K
)
will be a low-pass ﬁltered version of the original one.
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Figure 2.6: Application of reciprocity theorem.
Basically two conﬁgurations are commonly used for obtaining diﬀerent directions of illumination: pla-
nar and circular arrays (ﬁgure 2.5). Whereas planar arrays allows a simpler reconstruction procedure
based in the Fourier back-propagation of the spectrum of the ﬁelds; in circular arrays the incident ﬁeld
is not a plane wave, but a cylindrical one and the formulation is not as straightforward. However, in
circular geometries, the spectral formulation for planar systems can be applied if a synthetic aperture
approach is made. That is to say, to synthesize a plane wave by superposing the existing cylindrical waves
created by each source located along the circular antenna. Nevertheless, circular setups reported a better
performance in microwave imaging, compared to planar setups. First due to the fact that, in planar
systems, some diﬀraction information is lost while measuring only behind the object. Second, due to the
longer distance between the object and the receiving elements on the edges of the measuring line, lower
received signal levels are obtained in those regions. Next the formulation of the tomographic algorithm
for circular geometries is presented.
The starting problem is as shows ﬁgure 2.6. We have an object to be imaged inside a circular array
of both transmitting and receiving probes. We are interested in obtaining information about the current
Jb, which contains the information about the object under test. Nevertheless this information is not
accessible for the acquisition system. Instead, we can measure Eb, which is the ﬁeld scattered by the
object
(
~Eb = ~Es (~r)
)
. By using the reciprocity theorem (equation 2.11) this unknown problem can be
expressed in terms of accessible data as will be depicted in the following steps.
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ˆ
va
~Ja · ~Ebdva =
ˆ
vb
~Jb · ~Eadvb (2.11)
Where ~Jb is the electric equivalent current in the object, induced by the incident ﬁeld ~Ei
(
~r; θˆ0
)
=
e−jk0θˆ0~r which radiates the scattered ﬁeld ~Eb that is measured along the antenna. To simplify the
calculation let us assume ~Ea to be a plane wave. Accordingly, ~Ja must be the electric current on the
antenna acting as transmitter that radiates this plane wave ﬁeld
(
~Ea = e−jk0(−θˆ)~r
)
propagating along
the unit vector −θˆ1. In this way the second term of the equation 2.12 can be viewed as the 2D Fourier
Transform of the current.
ˆ
va
~Ja · ~Esdva = J˜b
(
k0θˆ
)
(2.12)
Where
J˜b
(
k0θˆ
)
=
ˆ
~Jb ejk0θˆ~rd~r (2.13)
Under Born approximation and substituting 2.7 in 2.3.
~Jb (~r) = jωε0C (~r)Ei
(
~r; θˆ0
)
(2.14)
Then, J˜b
(
k0θˆ
)
can be expressed in terms of contrast proﬁle
J˜b
(
k0θˆ
)
= jωε0
ˆ
C (~r) e−jk0θˆ0~r · ejk0θˆ~rd~r = jωε0C˜
(
k0
(
θˆ − θˆ0
))
(2.15)
Let us particularize for a circular antenna of radius R centered in the x− y plane, then the reciprocity
theorem should be as
jωε0C˜
(
k0
(
θˆ − θˆ0
))
=
2piˆ
0
Ja (ϕ; θ) ~Es
(
ϕ; θˆ0
)
Rdϕ (2.16)
It can be demonstrated that a current producing a plane wave propagating in the direction −θˆ can be
expressed as a summation of cylindrical modes as follows [12]
I
(
ϕ− θˆ
)
=
−2
ωµ0Rpi
∞∑
n=−∞
jn
H
(2)
n (k0R)
ejn(ϕ−θˆ) (2.17)
Where I
(
ϕ− θˆ
)
is the amplitude of the current distribution at angular position ϕ along the antenna,
which, when acting as a transmitter, radiates inside the source ring a plane wave propagating in the
direction −θˆ. Then 2.18 can be expressed as
jωε0C˜
(
k0
(
θˆ − θˆ0
))
=
2piˆ
0
I
(
ϕ− θˆ
)
~Es
(
ϕ; θˆ0
)
Rdϕ (2.18)
Remember that ~Es
(
ϕ; θˆ0
)
is the scattered ﬁeld by the object radiated by electric current ~Jb, which, in
turn, is induced by the incident plane wave ﬁeld ~Ei
(
~r; θˆ0
)
. When the incident ﬁeld is a cylindrical wave,
1Minus sign in theta angle is to be consistent with the deﬁnition of scalar product and the conventional deﬁnition of plane
wave
(
e−jk0θˆ~r
)
. Accordingly, the scalar product in a Hilbert space involves the conjugation of Ψn, which are the orthogonal
eigenfunctions deﬁned as plane waves
(
J˜b (n) = 〈Jb,Ψn〉 =
´
v JbΨ
?
ndr
′
)
. Thus we can interpret Ψ?n as
(
e−jk0θˆ~r
)?
= ejk0θˆ~r
which is a plane wave propagating along −θˆ.
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we can expand the plane wave ~Ei
(
~r; θˆ0
)
propagating in the direction θˆ0 as a superposition of cylindrical
waves ~Ei (~r;σ) generated by line sources I (σ + θ0) located in positions σ along the circular antenna, thus,
~Ei
(
~r; θˆ0
)
=
2piˆ
0
I
(
σ + θˆ0
)
~Ei (~r;σ)Rdσ (2.19)
Similarly the corresponding scattered ﬁeld can be expressed as
~Es
(
ϕ; θˆ0
)
=
2piˆ
0
I
(
σ + θˆ0
)
~Es (ϕ;σ)Rdσ (2.20)
where Es (ϕ;σ) is the scattered ﬁeld measured at position ϕ generated by an incident cylindrical wave
produced by a unit source located at position σ, which can be obtained from measurements or numerical
simulations and
I
(
σ + θˆ0
)
=
−2
ωµ0Rpi
∞∑
m=−∞
jm
H
(2)
m (k0R)
ejm(σ+θˆ0) (2.21)
Finally, from 2.18 and 2.20 we obtain the 2D Fourier transform of the contrast proﬁle.
C˜
(
k0
(
θˆ − θˆ0
))
=
1
jωε0
R2
2piˆ
0
2piˆ
0
~Es (ϕ;σ) I
(
ϕ− θˆ
)
I
(
σ + θˆ0
)
dϕdσ (2.22)
2.2.1 Discrete algorithm
In this case instead of a circular antenna we have a circular array of N omnidirectional antennas in the
x − y plane. A sampling of ~Es (ϕ;σ), ~Es (x; y) can be obtained by transmitting alternatively with each
antenna and receiving each time with the other N − 1 antennas.
Accordingly, equation A.4 can be interpreted as a 2D convolution between the scattered ﬁeld and the
current that generates a plane wave existing along the circular array. This convolution transforms the
circular geometry into a Cartesian one, for both transmitter and receiver variables σ and ϕ. Moreover,
this equation can be easily implemented by means of fast Fourier transform, which allows very eﬃcient
reconstructions. As shows equation 2.23, the convolution between two functions can be calculated as the
inverse Fourier transform of the product between their spectrums.
~Es (ϕ;σ) ? II (ϕ;σ) = F−1
{
E˜s (ϕ;σ) ? I˜I (ϕ;σ)
}
(2.23)
Where
II (ϕ;σ) = I
(
ϕ− θˆ
)
I
(
σ + θˆ0
)
=
(
2
ωµ0Rpi
)2 ∞∑
n=−∞
∞∑
m=−∞
jn
H
(2)
n (k0R)
ejn(ϕ−θˆ)
jm
H
(2)
m (k0R)
ejm(σ+θˆ0)
(2.24)
To identify equation 2.24 with the Fourier transforms, a change into the signs of indexes n and m must
be performed according to equation 2.27.
II ′ (ϕ;σ) =
(
2
ωµ0Rpi
)2 ∞∑
n=−∞
∞∑
m=−∞
j(n+m)
H
(2)
n (k0R)H
(2)
m (k0R)
ejn(θˆ−ϕ)ejm(−θˆ0−σ) (2.25)
Since H
(2)
−n (k0R) = (−1)nH(2)n (k0R) and j−n = (−1)n jn. Then the Fourier transform of the discrete
version of II ′ (ϕ;σ), II ′ (x; y) is equation 2.27.
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Figure 2.7: Multifrequency Fourier domain. If multiple frequencies are taken, the bidimensional Fourier
transform of the contrast proﬁle can be obtained inside a circle of diﬀerent radius radius depending on
the frequency 2ki centered at the origin of the transformed domain.
II ′ (x; y) =
(
2
ωµ0Rpi
)2 ∞∑
n=−∞
∞∑
m=−∞
j(n+m)
H
(2)
n (k0R)H
(2)
m (k0R)
ejnxe−jmy
∣∣∣∣∣
x=θˆ; y=−θˆ
(2.26)
I˜I
′
(p; q) =
(
2
ωµ0Rpi
)2 ∞∑
n=−∞
∞∑
m=−∞
j(n+m)
H
(2)
n (k0R)H
(2)
m (k0R)
∞ˆ
−∞
∞ˆ
−∞
ejnxe−jmye−jpxe−jqydxdy
I˜I
′
(p; q) =
(
2
ωµ0Rpi
)2 ∞∑
n=−∞
∞∑
m=−∞
j(n+m)
H
(2)
n (k0R)H
(2)
m (k0R)
δ (p− n) δ (q +m)
I˜I
′
(p; q) =

(
2
ωµ0Rpi
)2
j(p+q)
H
(2)
p (k0R)H
(2)
q (k0R)
n = p; m = q
0 otherwise
(2.27)
Finally, the discrete version of equation 2.22 is
C˜
(
k0
(
θˆ − θˆ0
))
=
R2
jωε0
(
2pi
N
)
F−1
{
E˜s (ϕ;σ) ? I˜I (ϕ;σ)
}
(2.28)
To obtain the contrast proﬁle, only remains to compute the inverse Fourier transform of equation 2.28.
2.3 Hybrid UWB extension (H-UWB)
From equation 2.22 it can be seen that for a given frequency, we obtain a sampled version of the spectrum
of the contrast proﬁle inside of a circle of radius 2k0. In order to improve the quality of the image, a set
of multiple frequencies can be combined, thus allowing to obtain higher spatial frequency components of
the spectrum. This, combined with the mulitiview strategy to get information from all the directions,
allows to obtain a ﬁner mesh in the reconstruction, as shows ﬁgure 2.7. To be able to use an UWB range
of frequencies and combine the information of the images obtained from each frequency, the tomography
algorithm needs to be extended. Extra care must be taken in choosing the best frequencial combination
approach, to enhance the features of interest of the individual images without having destructive inter-
ference between them. The most direct and intuitive combination of the reconstructed images is proceed
to coherently combine the diﬀerent images at each frequency (C-UWB). This ﬁrst approach works well
when we are doing tomography of small objects with low contrast since Born approximation is satisﬁed.
Moreover, it preserves the physical meaning of the images, and thus represents quantitatively the dielectric
properties, as well as the shape and size of the real object.
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CC−UWB =
fmax∑
f=fmin
F−1
{
C˜k0
}
(2.29)
If the scenario contains electrically big contrasted objects, that is, the scenario do not accomplish
Born, as in breast tumor detection, the coherent addition of diﬀerent images may not be successful,
due to destructive frequency-dependent interferences. The explanation of such a behavior is found in
the existence of a residual phase variation of the reconstructed spectrum with respect to the frequency,
dependent of the electrical size of the object, and its contrast. This residual eﬀect may be observed
by simulating a number of scenarios containing a single uniform cylinder of increasing permittivity and
size. Once applied UWB Hybrid focusing, we could plot the phase for the central point of the contrast
proﬁle reconstruction inside the cylinder for diﬀerent frequencies of interest. From the evolution of such
phase it would be possible to determine which averaging should be applied. Equivalently, it is possible
to derive mathematically the expression of the contrast proﬁle at the center of a reconstruction geometry
for a dielectric cylinder, since the scattered ﬁeld produced by this canonical geometry is well known. By
calculating the phase of the derived expression, see mathematical development at the appendix A, the
same curves as the simulations can be retrieved. Figure 2.8 (a) shows the evolution of the phase for 4
cylinders of diﬀerent permittivity. It can be clearly seen that as the permittivity of the cylinder increases,
there is a clear increase of the slope of the phase. Figure 2.8 (b) presents the evolution of the phase for
4 cylinders that have the same permittivity but diﬀerent size. From both ﬁgures a clear tendency for
the phase is seen where the bigger the radius or higher the permittivity of the dielectric body, the larger
the slope will be. In fact that is the base of the Rytov approximation, [13]. It could be shown that the
reconstructed phase follows a shape approximately equal to:
ϕ = −2pif
c
√
εc 2a (2.30)
It can be concluded that if we want to perform a coherent combination averaging of the images, we
must ensure that the slope of the phase is ﬂat, or almost ﬂat, or equivalently the maxim phase error inside
the object is bounded to a certain value; therefore it can only be applied when the scenario consist of a low
contrast function or of small size, which generally will not be the case for breast cancer detection. Whereas
in the most general case we will need to either use some extra information in order to compensate such
slope (equation 2.30), or alternatively to apply an incoherent combination of the images, that is averaging
the magnitude of the images (H-UWB) as shows equation 2.31.
CH−UWB =
fmax∑
f=fmin
∣∣∣F−1 {C˜k0}∣∣∣ (2.31)
Nevertheless, by using the magnitude averaging, although there is a loss of quantitative dielectric
properties information, the size is well preserved and thus it will be applied in this work, as it requires no
extra information that could introduce some internal bias towards the reconstructed solution.
2.4 Implementation
The implementation of the UWB Hybrid Focusing algorithm, here described, has been done using Matlab.
The starting point of the algorithm is a scattered ﬁeld measurement obtained from simulations or from
experimental measurements of an object under test using a circular array of transmitting and receiving
antennas of radius RT and RR and composed by NT and NR probes respectively. This data is preferably
organized as a 3D matrix of dimensions NT × NR × Nf , where usually the number of transmitting and
receiving antennas is the same (NT = NR) and Nf is the number of frequencies acquired.
Hybrid focusing consists of an incoherent combination of a suﬃcient number of coherent multiview
reconstructions obtained at diﬀerent frequencies over the UWB range. Thus, for each frequency, a image
of the contrast proﬁle has to be obtained and ﬁnally they have to be combined incoherently.
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Figure 2.8: Evolution of the phase for the reconstruction of a centered cylinder.
When the surrounding media is lossy, the wavenumber k0 is complex and in order to use the FFT algo-
rithm, the complex wavenumber must be approximated by its real part. This introduces an attenuation of
the higher spatial frequencies, which produces high frequency noise in the reconstructed image. For that
reason, some low-pass ﬁltering of the reconstructed image is necessary when backscattering information
is processed, this is to restrict the spectrum to the visible margin. Moreover, as said, the spectrum of
the reconstructed contrast proﬁle is mapped over an irregular grid composed by rotated circles of radius
dependent on the frequency. To combine the images at diﬀerent frequencies correctly the mesh has to be
regularized into a rectangular grid. Figure 2.9 sketches the algorithm procedure.
2.5 Practical considerations
For an accurate reconstruction, ideally we have to ensure an inﬁnitesimal sampling step as well as an
inﬁnite measurement dynamics in order to record all the evanescent waves. In practice none of this re-
quirements is fulﬁlled since the number of antennas is limited as well as the number of frequencies can
not be arbitrarily large due to the long time of acquisition.
As for the sampling spatial step, if we consider that the scattered ﬁeld is spectrum limited, Nyquist
theorem says that the object can be reconstructed with a reasonable error from sampled scattered ﬁelds
if the points are separated less than 4x = pi/kxmax. If the array of antennas is situated in a region of
space without evanescent waves, then kxmax = k0 and hence 4x = λ/2. In practice, we can consider that
the reconstruction will be correct if the reconstruction step is between λ/2 and λ/4. According to it, for
a circular array of antennas of radius a = 7.5cm with the same number of transmitting and receiving
antennas, (N = NR = NT ), the sampling step, deﬁned as the perimeter of the circular antenna divided
by the number of antennas, must be smaller or equal than λ/2. Then the number of antennas to avoid
loss of information must be
N ≥ 2
(
2pif
√
ε′0
c
)
a (2.32)
where ε′0 is the relative permittivity of the external medium, f is the frequency of illumination and
c = 3 · 108m/s is the speed of light. The same conclusion may be obtained by a reasoning based on a
cylindrical mode decomposition [14]. Note that the minimum number of antennas has to be calculated for
the maximum frequency of illumination. Moreover, as it will be demonstrated in the following chapters,
the use of an external medium, named matching medium is required for the reconstruction. This matching
medium must have a permittivity close to the object under test, which in the case of a breast will be close
to 36. This traduces to a compression of the wavelength in a factor of 6, and thus the spatial resolution
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Figure 2.9: Steps of the UWB Hybrid Focusing algorithm.
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is 6 times better than that of in free space. Unfortunately, when the permittivity of the matching media
increases, the number of antennas increases also, eventually making the measurement unfeasible. To deal
with it, we have decided to scale the frequency range proportionally to the square root of the permittivity
of the matching medium. In this way the resolution is maintained and not enhanced as when permittivity
increases and the frequency remains the same. As reported in [15], we have concluded that 128 trans-
mitting and receiving antennas will be suitable to work up to 10 GHz with a external medium around
10 in permittivity. However if the scaling is considered, we can use external mediums with a enhanced
permittivity or alternatively, reduce the number of antennas.
Similarly, the frequency domain sampling has been chosen to avoid aliasing according to
4f ≤ c
4a
√
ε′0
(2.33)
Then the number of frequency steps must be
Nf =
fmax − fmin
4f (2.34)
Chapter 3
Microwave Imaging Systems for Breast
Cancer Detection
Many groups have been working in active microwave imaging for breast cancer detection by applying
diﬀerent techniques since 80's. This is a broad research ﬁeld covering from the development of image
reconstruction algorithms to the investigation of breast tissues dielectric properties. Thus, it is important
to be aware of what has been done and which are the current trends of the art. In this chapter, a complete
overview of breast cancer detection ﬁeld organized by research groups is presented, to ﬁnally position
UWB Hybrid Focusing algorithm and identify its strengths and weakness. At the end of the chapter,
breast dielectric properties are inspected and a model based on its complex permittivity is proposed.
3.1 Overview of Biomedical Microwave Imaging
Biomedical imaging using microwave frequencies has been exploited for several decades applying passive,
dual and active approaches. Passive methods incorporate radiometers to measure the increase of tem-
perature shown by tumors compared to normal tissue when applying a microwave signal and have the
potential to assist in the diagnosis of suspicious areas on mammograms [16]. Dual microwave-acoustic
or thermoacoustic methods, use microwaves to illuminate the breast. Due to the higher conductivity of
malignant breast tissue, more energy is deposited in tumors, resulting in selective heating of these lesions.
The tumors expand and generate pressure waves, which are detected by ultrasound transducers [17, 18].
Finally, active microwave imaging, which is the alternative covered in this work, involves illuminating the
tissue with an incident radiation and measuring the diﬀracted ﬁelds.
Active microwave imaging for biomedical applications arise as an attempt to extend the knowledge
of optical image reconstruction to the microwave frequency range. This methods were called holographic
techniques and did not provide with satisfactory results except a few cases [19]. For a long time microwave
imaging was dismissed due to the lack of image quality and simple recording methods, such as ﬁlms in the
case of X-ray or visible light. Initially, only the spatial resolution, which is proportional to the wavelength,
was taken into account, resulting a poor image quality when working at those frequencies oﬀering a good
trade-oﬀ between resolution and penetration depth. To improve the spatial resolution, a higher frequency
is desirable, however by doing so, the penetration capability is dramatically reduced. For many materials,
the optimal frequency is in the range of GHz, and consequently, in free space, the spatial resolution is
in the order of cm, which in many cases is insuﬃcient. However if contrast is considered, any chemical
or physical factor depending on the dielectric properties, such as the water content, temperature,... can
be investigated since microwaves are capable to experiment highly sensitive interactions with dielectric
properties. This opened the door for microwave imaging in biomedical applications, specially when Larsen
and Jacobi in the late 70's obtained images of the internal structure of canine kidneys from the transmis-
sion coeﬃcients between two antennas moved in parallel. It was the ﬁrst time that suﬃcient penetration
of a biological object was reached using microwaves (due to the wave impedance matching between the
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water and the body) [20]. From those results other researchers gained interest for microwave imaging
in biomedical applications. Signiﬁcant contributions to the planar and cylindrical geometry microwave
tomographic systems were done under the UPC-Supélec collaboration during 80's, establishing a complete
theoretical and experimental imaging platform with the microwave circular scanner [21] and the planar
camera [22], respectively. First applications mainly consist of controlling the temperature during an hy-
perthermia treatment or ﬁnding heart disease like ischemia and infraction. The most recent application is
breast tumor detection motivated for the advantages which breast cancer presents compared to any other
cancer. Firstly, breast tumors have electrical properties at microwave frequencies that are signiﬁcantly
diﬀerent than those of healthy breast tissues. Moreover, the breast can easily accessed from outside, while
internal organs are much less accessible. Normal breast tissue is also more translucent to microwaves than
many other tissues, such as muscle or brain, due to the low water content. Also the signiﬁcant progress in
computers and numerical techniques during the past decades allows to eﬀectively process data acquired
through measurements. Last, applications of electromagnetic engineering in medicine have recently been
attracting new generations of microwave researchers despite strong competition from wireless communi-
cation and other related technologies.
As said, the complexity of the propagation laws in an non-homogeneous body, governed by diﬀraction,
were a challenge for the early imaging attempts since solving an inverse scattering problem demands, in
general, high computing eﬀorts. This was a major drawback for this ﬁrst imaging attempts carried out in
the 80's. Another problem to the experimental development of this technology, was the complexity of the
system, provided by the need of a large number of probes. To deal with a lot of probes with a reduced
number of receivers, multiplexers with a large number of channels were required. Alternative solutions
appeared to simplify that, the most direct one was to move a single probe along the scanning area (creat-
ing a synthetic aperture) and consequently increasing the time of acquisition. Also, Modulated Scatterer
Technique (MST) appeared as a cost and time eﬀective solution providing good results [22]. With the
advent of cost eﬀective high performance computing and measurement systems, nowadays, research in
biomedical microwave imaging is a hot topic again.
In next section, an overview of the major contributions of the most relevant research groups involved
in active microwave imaging for breast cancer detection is presented.
3.2 What has been done in Active Microwave Imaging for Breast
Cancer Detection?
Two types of active microwave imaging techniques have been previously proposed for breast cancer de-
tection: tomography and UWB radar techniques. The goal of microwave tomography is the recovery
of the dielectric properties of the breast from measurements using, traditionally, narrowband microwave
signals transmitted through the breast. In contrast to tomography, UWB radar techniques do not attempt
to reconstruct the dielectric properties proﬁle, but instead seek to identify the presence and location of
signiﬁcant scatterers in the breast.
One highly desirable quality for any breast imaging modality is high speciﬁcity, that is, the ability
to distinguish malignant from benign tissues. Tomographic approach is able to recognize malignancy
provided by the 1:10 contrast in dielectric properties between malignant and healthy adipose dominated
tissues in the breast. However, there is an important variability between breast tissues, for instance
a ﬁbrograndular tissue shows a contrast of only about 10%. According to it, diﬀerent mechanisms to
enhance speciﬁcity, resolution or solve more eﬃciently and accurately the inverse scattering problem, are
the challenging aspects of this approach and are being object of intense research for many groups. On the
other hand, UWB radar approach is being applied to breast cancer detection since quite recently basically
by the University of Wisconsin group (USA). This approach is based on investigating certain architectural
features such as shape, margin, size and density, which constitute some evidence of a possible malignancy.
According to it, well-deﬁned margins and round, oval, or macrolobulated contours are often associated
with benign tumors; by contrast microlobulated or ill-deﬁned margins may be considered suspicious.
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Radar operating in the microwave regime does not provide high enough resolution to reconstruct the ﬁne
spatial features (on the scale of mm) of a detected lesion in the breast. However, it has the capability
to characterize this relevant features by extracting them from the backscatter, which embeds information
about the shape, margin, size and density.
3.2.1 Computational Electromagnetics Laboratory, University of Wisconsin
S. C. Hagness et. al. got involved into breast cancer imaging since 1998, when presented a novel focused
active microwave system for detecting tumors in the breast called Confocal Microwave Imaging (CMI)
[23, 24]. Currently this is the only method based on the radar approach applied to breast cancer de-
tection. CMI involves illuminating the breast with an UWB pulse from a number of physical antenna
locations. The tumor response can be extracted by a simple time-shifting of the waveforms according to
the nominal position and the desired focal point in an assumed uncluttered tissue medium and eventually,
summing them arithmetically to create a synthetically focused signal. However this approach do not
compensate for frequency-dependent propagation eﬀects and have limited ability to discriminate against
artifacts and noise. Later on, in 2003, an improved method called Microwave Imaging via space-time
(MIST) Beamforming was introduced for detecting early-stage breast cancer [25]. The beamformer spa-
tially focuses the backscattered signals to discriminate against clutter and noise while compensating for
frequency-dependent propagation eﬀects. They also developed a method to remove skin-breast interface
that produced artifacts in the image, prior to performing tumor detection. As a consequence, the MIST
approach oﬀer signiﬁcant improvement in performance over previous UWB microwave breast cancer de-
tection techniques based on simpler focusing schemes. At 2004 they presented an experimental setup
consisting of a breast phantom simulated as a container ﬁlled with a liquid mimicking normal breast
tissue, a small synthetic tumor suspended in the liquid, and a thin layer of material representing the skin
layer covering the normal breast tissue simulator. A single UWB antenna is sequentially repositioned in
the horizontal plane to synthesize a 2-D antenna array placed above the skin. The antenna is immersed
in a matching medium to couple microwave energy into the breast more eﬃciently. Here, for simplicity,
the liquid used for normal breast tissue simulator is also used as the immersion medium. Subsequent
papers were devoted to the obtaining of additional information about the target without requiring any
special hardware or additional data collection. In [26] they propose a method to classify in shape and size
numerical targets directly from its UWB backscatterer. Also in [27] a method is suggested to estimate
the location of the breast surface to improve imaging performance if incorporated as a priori information
into recently proposed microwave imaging algorithms. In the last contribution they propose a technique
to enhance contrast named Microwave-induced termoacoustic tomography (MI-TAT) [28]. MI-TAT is a
dual electromagnetic-acoustic imaging modality that exploits dielectric properties contrast while creat-
ing images with ultrasound quality resolution. By infusing microbubbles to a tumor site, sensitivity is
enhanced through the use of diﬀerential imaging techniques. In parallel to this work, a lot of eﬀort was
devoted to formulate dielectric properties of breast tissue [29] and numerically model breast phantoms
based on anatomically realistic MRI-derived FDTD models of the breast and they used them to verify
the eﬀectiveness of the algorithms.
3.2.2 Thayer School of Engineering, Dartmouth College
The ﬁrst contribution of the group led by Meaney in breast cancer detection is in 1999 [30], when presented
a prototype system integrating a model-based image reconstruction approach with a saline-coupled non-
contacting active Microwave Imaging System (MIS) utilizing a movable circular array of 16 monopole
antennas operating over a frequency range of 0.3-1 GHz to obtain 2D monofrequency conductivity and
permittivity maps. Initial patient exams have demonstrated that the algorithm was able to recover useful
electrical property distribution of the breast. This work was boosted by the previous work in iterative
reconstruction algorithms based on a moment method formulation and Newton's iteration scheme to
minimize the log-magnitude and phase errors [31]. Similar algorithms had been previously developed
by several authors [32, 33]. This method is based on ﬁnite element representation of the target which
is coupled to a boundary element formulation for the background region, later on this algorithm was
designated as log-magnitude/phase form (LMPF). At this point, problems appeared when reconstructing
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big geometries. For this reason the introduction of a priori information was suggested. In this sense,
in [34], they reported that by introducing information about the exact breast perimeter, the detection
of tumor inclusions can be enhanced. However they also show that due to mismatches between the
background media and the breast, object artifacts in homogeneous phantom images appear that could
be interpreted as false positive detections. At 2003 they present a second generation of the MIS system
operating over a broader bandwidth of 0.5 - 3 GHz [35]. The most recent work of this group is devoted
to improve the algorithm performance to solve the problems due to the high variability of normal tissue
properties, which make tumor detection more complicated than initially thought. They also proposed to
introduce 3D information to remove artifacts appearing to the 2D reconstructions due to the fact that
the 2D data collected represent properties with 3D distributions.
3.2.3 Department of Signals and Systems, Chalmers University of Technology
Breast tomography stirred the interest of Fhager and Persson since quite recently (2005), they have been
mostly focused on microwave imaging iterative reconstruction algorithms in time domain. This algorithm
is based on solving Maxwell equations in order to compute gradients, which are used to update the
dielectric proﬁle with the conjugate-gradient method. First attempts, showed weakness when imaging
small objects (smaller than λ/2), for this reason a priori information has to be introduced. Firstly, the
problem has to be simpliﬁed in such a way that reduces to ﬁnd the tumor, to do that, the dielectric
properties of the matching media and the media where the tumor is immersed have to be introduced and
thus could be canceled. It was also necessary to include scaling parameters to compensate the diﬀerent
scaling of the gradients and its choice was crucial for the performance of the algorithm. However it was
sometimes very diﬃcult to ﬁnd its optimal values and they had to be found empirically for each scenario
and iteration [36]. The last contribution, suggested a method of gradient redirecting combined with
step length estimation to decrease computation time and improve the convergence. Gradient redirection
consists of assuming dielectric properties of the target known and pointing them towards the closest target
region.
3.2.4 School of Innovation, design and engineering, Mälardalen University
and Département de Recherche en Electromagnétisme, Supélec
From 2007 a collaborative work between the School of Innovation, Design and Engineering at Mälerdalen
University and DRE at L2S/Supélec in France led by Prof. Jean-Charles Bolomey was initiated mainly
focused on the use of microwaves in biomedicine and in particular in breast tumor detection. Previously,
both groups had been involved in microwave imaging. In the 80's Supélec developed a 2.45 GHz planar mi-
crowave camera for non-invasive thermometry during hypertermia treatments. This camera was designed
to record the ﬁeld scattered by a water immersed target over a 22 square cm area by means of an array of
32x32 sensors. It uses MST technology which allows simpliﬁcation of the microwave circuitry used. After
successive improvements it was able to provide qualitative images from spectral processing at the rate to
25 images per second [22]. In the 90's this group also developed algorithms for quantitative microwave
imaging. Concerning the Swedish group, its work was clearly focused on applying Newton-Kantorwich
Technique (NKT) to microwave imaging [32, 37]. NKT starts from an initial distribution of the contrast
and iteratively minimizes the diﬀerence between the measured data and the scattered ﬁelds calculated
form a numerical model in the direct problem. From the collaborative work of both groups improvements
in the NTK algorithm applied to the data acquired by the planar camera to deal with high-contrast
objects and investigation on liquid mixtures modeling dielectric properties of breast tissue were made. In
2009, Mälardalen University group, present their own experimental data acquisition system for microwave
imaging consisting of a robot arm moving a monopole antenna around an object under investigation, all
immersed in a 2 m diameter water tank [38]. Up to now, they have not reported experimental results
since they have problems with the stabilization of the required matching media (water at 10ºC).
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3.2.5 Departament de Teoria del Senyal i Comunicacions, Universitat Politèc-
nica de Catalunya
The work of this group in microwave active imaging for biomedical applications began in the early 80's,
when described the potentials of this approach applied to remote thermal sensing as a result of a collabo-
rative work with Supélec [39]. In 1986, the UPC group presented an algorithm of microwave tomography
for cylindrical geometries, consisting on alternatively illuminating the object under investigation and mea-
suring the scattered ﬁelds from a suﬃcient number of sensors situated on a circular ring around it. By
using born approximation, the inverse scattering problem could be linearized and applying convenient
mathematical manipulations, the 2D reconstruction of the contrast proﬁle can be obtained very eﬃciently
by means of FFT [9]. Later on, in 1990, they present the microwave circular scanner for biomedical appli-
cations working at 2.45 GHz. The scanner consists of a 64 element circular array placed around a 20 cm
diameter water tank where the object under test is immersed. Electronically scanning the transmitting
and receiving antennas allows multiview measurements with no mechanical movement. Its performance
was tested either with numerical simulations, tissue-simulating phantoms and volunteers, reporting a
spatial resolution of 7 mm and a contrast resolution of 1% for a measurement time of 3 s [21]. Due to
Born approximation, accurate reconstructions of low contrasted objects could be obtained, but also, the
reconstruction of a forearm reported in [40] demonstrated that high contrast objects could be detected
and localized which had an important application in biomedical imaging. At 90's, in the framework of a
collaboration between Supélec and UPC groups, research into Newton-Kantorwich iterative reconstruction
algorithm was done [37], by applying it to experimental data obtained with the microwave circular camera.
In 2007 they got involved in the use of UWB signals for short range electrically large objects imaging,
and presented a UWB multifrequency bifocusing (UWB-MFBF) operator with good tomographic imaging
capability. This reconstruction algorithm, based on a radar approach, forms every image point of the local
electrical properties of the object by means of synthesizing two focused groups of antennas (transmitters
and receivers). The antenna elements at both ends are numerically weighted by a focusing operator to
be focused on a unique object point and ﬁnally the images at diﬀerent frequencies are combined [41].
More recently, research on circular tomographic approach has resumed, this time by using UWB signals
and applied to breast tumor detection. This UWB Hybrid Focusing approach consists of the incoherent
multifrequency combination of coherent multiview focused images and has the ability of imaging large and
high contrasted objects. Its functionality has been tested using numerical simulations and preliminary
experimental measurements using breast phantoms [15].
3.2.6 Other groups
Apart from these groups, well established in active microwave imaging for breast cancer detection, other
authors worked also in this direction. Concerning reconstruction algorithms, Abubakar et. al, reported
the Multiplicative Regularization Contrast Source Inversion, which gives a computation eﬃcient solution
especially for 3D situations, or the genetic algorithms introduced by Caorsi et. al. for non destructive
evaluation [33]. Furthermore, Semenov et. al. have investigated in iterative methods based on Newton,
gradient and multiplicative regularized contrast source inversion (MR-CSI) and tested their performance
with ex-vivo pig's meat [8]. Moreover, Miyakawa et. al. investigated the usability of the linear chirp
pulse microwave computed tomography algorithm (CP-MCT) to the breast tumor detection. Finally,
universities of Calgary and Victoria in Canada developed in 2003 the Tissue Sensing Adaptive Radar
(TSAR) system. With an arrangement similar to that in the clinical system developed at Dartmoth
College, TSAR system illuminates the breast with an UWB pulse by means of physically scanning an
antenna to synthesize an array that encircles the breast.
3.3 Opportunities and challenges of Hybrid Focusing
Nowadays, the main diﬃculty in breast tumor detection is how to manage with the high variability within
just normal tissue properties between patients. All the reported systems solve this by using a matching
media between the antennas and the breast to minimize the reﬂected energy in the interface. But how
sensitive to the mismatching the diﬀerent algorithms are?. The non linearity of the problem is another
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intrinsic challenging aspect of active microwave imaging which has been solved from the beginning by us-
ing iterative approaches or some linearized approximation. By using iterative methods, the non-linearity
of the problem often causes a local search algorithm to get trapped in a local minimum, leading to incor-
rect reconstruction. Possible ways to overcome this includes introducing a priori information about the
object being imaged. This is in principle viable in biomedical imaging where the organs and tissues can
be assumed known, however this high variability of dielectric properties may pose problems and badly
pre-condition the result leading to incorrect reconstruction again. Another problem with the iterative
reconstruction algorithms is that, in general, they are very computational intensive, both with respect to
computer memory requirements and reconstruction time. The most time consuming part of the recon-
struction process is the line search where several evaluations of the cost functional are required to ﬁnd the
minimum. Often 5-10 evaluations of the functional are necessary before the minimum has been found.
Radar approaches are, in principle, simpler solutions avoiding the solution of inverse scattering prob-
lem, however if a better discrimination against clutter and noise is required, as well as frequency-dependent
propagation eﬀects compensated, its formulation becomes more cumbersome. Moreover, this approach is
inherently limited to target detection and it is not able to provide quantitative information about dielec-
tric properties.
For the moment, UWB Hybrid focusing has shown good results when imaging small low contrast
objects. But also for bigger and high contrasted ones, such as breast phantoms, has the ability to localize
and detect them, without having to introduce any a priori information and consuming a short execution
time, in contrast to iterative methods. Nevertheless, it presents the same limitations as the other methods
when the antennas are not well matched with breast tissue.
Another important issue is the geometry of the sensing array. The more recurrent solution is the
cylindrical geometry, used in the system here presented, since has the advantage over planar ones that the
encircling characteristic of the antenna is more adapted to the diﬀraction process in lossy objects, such
as the woman breast.
3.4 How to model woman breast tissues?
3.4.1 Characterization of dielectric properties of human tissues
For further improvements of microwave imaging reconstruction algorithms, a knowledge of the structure
of the breast and the dielectric properties of every constituent is required. It is also an issue of major
importance for obtaining a more realistic breast numerical and experimental models, required to test and
verify data acquisition system prototypes or algorithms.
In microwave tomography the dielectric properties are reconstructed in terms of contrast in permit-
tivities, deﬁned by equation 3.3.
C = 1− ε
?
ε?0
(3.1)
Which is related to the complex dielectric permittivity of the external medium ε?0 and the complex
dielectric permittivity of the object under test ε?, expressed as 3.3.
ε? = ε′ + jε′′ (3.2)
Where ε′ is the real part and ε′′ the imaginary part of the relative permittivity. The losses are often
expressed in terms of ε′′ by the conductivity σ, as shows equation 3.3
σ = 2pifε0ε′′ (3.3)
Where ε0 = 136pi · 10−9F/m is the permittivity of free space and f is the frequency.
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Tissue ε′ σ
Blood 56-60 2.5
Bone 12 0.4
Fat 4-5 0.07-0.1
Muscle 50-55 1.8-2.2
Skin (dry) 38 1.5
Brain 45 2
Kidney 55 2.5
Liver 42 1.8
Heart 55 2.3
Table 3.1: Approximate properties of human tissues for a frequency of 3 GHz (Gabriel).
At this point, the problem of modeling the required dielectric properties lays on obtaining the com-
plex dielectric permittivity of the object under test over the desired bandwidth. In the case of human
tissues, the dielectric properties are highly dispersive due to the cellular and molecular relaxation. In the
microwave region the dominant relaxation is the dipolar relaxation of free water molecules. Therefore, the
dielectric properties of biological tissues in microwave region are highly correlated to the water content.
To deal with it, Gabriel et. al. proposed an extended Cole-Cole expression [42], which consists of an
inﬁnite summation of terms. Cole-Cole models are commonly used as physics-based representation of
wideband frequency-dependent dielectric properties. Later on, Lazebnik et. al. [43] demonstrated that a
single pole is suﬃcient to ﬁt dielectric properties in the 0.5-20 GHz band, as shows equation 3.4.
ε? (ω) = ε′ (ω)− jε′′ (ω) = ε∞ + 4ε
1 + (jωτ)1−α
+
σs
jωε0
(3.4)
In this model ω is the angular frequency, ε′ (ω) is the frequency-dependent real part of relative per-
mittivity, ε′′ (ω) is the frequency-dependent imaginary part of the relative permittivity, and ε∞, 4ε, σs
and α are the Cole-Cole model parameters which are estimated from experimental data. A summary of
the dielectric properties obtained with the Cole-Cole model for diﬀerent human tissues are presented in
table.
3.4.2 Dielectric properties of woman breast tissues
Breasts are modiﬁed sudoriferous glands which produce milk in women. Each breast has one nipple
surrounded by the areola. A number of mammary glands are distributed throughout the breast, with
two-thirds of the tissue found within 30 mm of the base of the nipple. These are drained to the nipple by
between 4 and 18 lactiferous ducts. The network formed by these ducts is complex, like the tangled roots
of a tree. The remainder of the breast is composed of connective tissue (collagen and elastin), adipose
tissue (fat), and Cooper's ligaments. The ratio of glands to adipose tissues rises from 1:1 in non-lactating
women to 2:1 in lactating women, see ﬁgure 3.1. Accordingly, breast is a very heterogeneous structure
which reconstruction algorithms will have to deal with.
Dielectric properties of woman breast tissues have been studied with focus on breast tumor detection
since the beginning of the 80's. Chaudhary et. al. between 3 MHz - 3 GHz [44], Surowiec et. al. between
20 kHz - 100 MHz [45], Campbell et. al. at 3.2 GHz [46] and Joines et. al. between 50 MHz - 900 MHz
[47]. The conclusions from these studies are very heterogeneous, Chaudhary and Joines reported a signif-
icant contrast between malignant tissues and healthy breast tissues ranging between 200-500%, whereas
Campbell, who distinguished between high-water content tissue and adipose tissue, concluded that there
was a very little contrast. However this studies mostly involve small patient populations, do not include
all types of normal, benign and malignant tissues, and with a very few exceptions, do not extend above
3.2 GHz. This discrepancies can be due to the variability in the procedures and protocols used across the
diﬀerent studies combined with the inherent challenges of characterizing breast tissue, which, as said, is
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Figure 3.1: Breast schematic diagram (adult female human cross section). Legend: 1. Chest wall, 2.
Pectoralis muscle, 3. Lobules, 4. Nipple, 5. Areola, 6. Lactiferous duct, 7. Fatty tissue, 8. Skin.
2 4 6 8 10
0
10
20
30
40
50
60
Frequency (GHz)
ε’
 
 
0−30% adipose
31−84% adipose
85−100% adipose
Malignant tissue
(a)
2 4 6 8 10
0
5
10
15
20
25
30
Frequency (GHz)
ε’
’
 
 
0−30% adipose
31−84% adipose
85−100% adipose
Malignant tissue
(b)
Figure 3.2: Complex permittivity of cancerous and normal breast tissues with diﬀerent adipose content
from data reported in [43, 48]. (a) real part, (b) imaginary part.
quite heterogeneous. Later on, Meaney et. al. in [30] reported that by considering in vivo tissues this
contrast seems to be closer to 2:1 in permittivity, according to the reconstructed images form a clinical to-
mographic breast imaging prototype at 900 GHz form a population of 5 women ranged in age form 48 to 76.
Recently, Lazebnink et. al. presented a complete and comprehensive study of the dielectric properties
of ex-vivo normal breast tissue [43], as well as benign and malignant breast tissues [48] obtained from cancer
surgeries (354 samples [43] and 319 samples [48]) and reduction surgeries (488 samples [48]) conducted
using small-diameter precision open-ended coaxial probe measured from 0.5 to 20 GHz. These studies
showed that dielectric properties of normal breast tissues span a much wider range than reported in most
of the previously published small-scale studies and are primarily determined by the adipose content of
the tissue samples. For this reason, the samples were organized in tree groups based on the per cent
adipose tissue to maximize the diﬀerence between groups and minimize the variability within groups
(0-34% adipose, 35-84% adipose and 85-100% adipose). The dielectric properties of the tree adipose-
deﬁned groups are shown in ﬁgure 3.2, where each curve represents the median Cole-Cole ﬁt. Moreover,
as the dielectric constant increase, the malignant tissue content increases, while the adipose tissue content
decreases. This trends are intuitive, since adipose tissue has low dielectric properties due to its low
water content, while malignant tissue has a high water content and thus high dielectric properties. In
terms of contrast, the contrast in the microwave-frequency dielectric properties between malignant and
normal adipose-dominated tissues in the breast is considerable, as large as 10:1, while the contrast in
the microwave-frequency dielectric properties between malignant and normal glandular/ﬁbroconnective
tissues is no more than about 10%. Furthermore, the majority of breast cancers arise in the glandular
region of the breast, and thus breast cancer tissue is eﬀectively malignant glandular tissue.
Chapter 4
Numerical validation
The ﬁrst step to verify UWB Hybrid Focusing algorithm is to proceed to its numerical validation through
progressively more realistic breast numerical phantoms. When applying those large and high contrasted
realistic phantoms to any image reconstruction algorithm, a matching medium is required to minimize the
reﬂected energy out of the breast. This aspect, together with the capability of the algorithm to deal with the
inherent inhomogeneity in the breast, will be inspected at the end of this chapter. Furthermore, motivated
by the importance of detecting tumors at early stage, the ability to detect small inclusions will be also
investigated.
4.1 Solving the direct problem
Before solving the inverse problem, the diﬀracted ﬁeld produced by an object when illuminated by an
incident ﬁeld has to be solved. Due to the UWB character of the problem a FDTD (Finite Diﬀerence Time
Domain) numerical method is more appropriate. FDTD, as its name shows, is a time domain technique,
and when a broadband pulse (such as a Gaussian pulse) is used as a source, then the response of the
system over a wide range of frequencies can be obtained with a single simulation. Also, FDTD allows the
user to specify the material at all points within the computational domain an a wide variety of linear and
nonlinear dielectric and magnetic materials can be naturally and easily modeled. Diﬀerent numerical tests
have been performed taking into account accuracy and time considerations. After that, MEEP simulation
tool has been chosen.
MEEP is a free simulation software developed by MIT (Massachusetts Institute of Technology) using
FDTD method to model electromagnetic systems [49]. FDTD is a widely used numerical method when
solving inhomogeneous problems with diﬀerent dielectric materials. It starts from Maxwell equations in
diﬀerential form and solves the direct problem in time domain in a discretized and limited spatial re-
gion. This region has to be well delimited by PML (Perfect Magnetic Layer) boundaries which absorb
completely all the reﬂections thus simulating inﬁnite free space. The smaller the discretization, the more
accurate the solution is. MEEP is able to simulate any 1D, 2D or 3D scenario in cylindrical coordinates
containing general dispersive and nonlinear objects of any shape with diﬀerent boundary conditions (per-
fect conductor, absorbent...) and diﬀerent types of excitations.
In the particular case of this work, a 2D geometry is used, since the goal of the tomographic algorithm
is to reconstruct the properties of a slice of an object from the measured scattering ﬁelds. The transmitting
antennas are wires of current which generate a Gaussian pulse in time domain and the receivers are ideal
probes which measure the received signal in an interval of time. As a result, it produces two vectors
corresponding to the transient response in the presence of the object and without the object in order to
retrieve the scattered ﬁeld. The advantage of MEEP is its versatility since it allows to analyze any kind of
scenario, as well as the good matching with the exact solution as long as the resolution is suﬃcient. The
inconvenient is the long execution time if a large region with a good resolution and a suﬃcient interval of
time must be analyzed.
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Sensors
Ø=150mm
Cylinder
30mmε0=9.5
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15mm
εc=10
(a) Sketch of the geometry. (b) Reconstruction at 7.5
GHz.
(c) Reconstruction in the
UWB range averaging the
magnitude.
(d) Cut of the reconstruction.
Figure 4.1: Reconstructions of the contrast proﬁle for a simulated low permittivity cylinder of 3 cm in
radius placed in the circular array.
4.2 Numerical validation results
In this section, the ability of the UWB Hybrid focusing algorithm to produce accurate images for breast
tumor detection is investigated. The imaging performance is studied through simulations, verifying the
tomographic capability to reconstruct the inhomogeneity inside the breast surrounded by a suitable match-
ing medium.
Simulations are performed using MEEP, with a time sampling low enough to cover the required
bandwidth. Each sensor is excited by a Gaussian monopulse (σ = 30ps) and the scattered ﬁelds, produced
by the object under test, are computed for each transmitter by doing two simulations, one in presence of
the phantom, and one for the empty system.
4.2.1 Preliminary numerical validation
In this starting simulations, three diﬀerent scenarios are studied consisting of a circular array of both
transmitting and receiving antennas with a diameter of 15 cm. Note that in all reconstructed images, the
position of the transmitters and receivers is marked by means of magenta symbols o and *, respectively.
The real position and size of the objects under investigation is also plotted over the image with a green
contour around its perimeter.
4.2.1.1 Uncentered low permittivity cylinder
In this scenario a single cylinder of radius 3 cm is placed in the circular array, see ﬁgure 4.1 (a). The
dielectric permittivity is 10, which implies a contrast of 0.05 with respect to the surrounding media, which
has a permittivity of 9.5. Figures 4.1 (b) and (c) present the results of the reconstruction for a single
intermediate frequency (7.5 GHz) as well as for the whole UWB range averaging the magnitude. Note
that in this case contrast is very small and hence Born is fulﬁlled. For this reason, if we compare the
cuts of the contrast proﬁle of monofrequency and H-UWB reconstructions (see ﬁgure 4.1 (d)), we can not
observe much change between them and thus, in this case, the H-UWB extension of the algorithm do not
provide any advantage with respect the monofrequency approach.
4.2.1.2 Uncentered cylinder
If we increase the permittivity of the cylinder, in order to have a higher contrast body, we can test the
advantages of using an hybrid UWB combination approach in order to improve our reconstructed images.
In this scenario the previous cylinder permittivity is made 18 (contrast of 0.89), which could be taken as
a model of adipose breast tissue. Figure 4.2 (a) show the results of the reconstruction at 7.5 GHz and
ﬁgure 4.2 (b) for the whole UWB range. It can be clearly observed that the reconstruction at a single
frequency, although it can identify the shape of the body, there is a non-uniformity in the object, that
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εc=18
(a) Sketch of the geometry. (b) Reconstruction at 7.5
GHz.
(c) Reconstruction in the
UWB range averaging the
magnitude.
(d) Cut of the reconstruction.
Figure 4.2: Reconstructions of the contrast proﬁle for a simulated single cylinder of 3 cm in radius placed
in the circular array.
Tissue ε′ ε′′ σ
Skin 37 8 1.3345
Breast tissue 34 11.5 1.9184
Tumor 54.7 17.4 2.9026
Table 4.1: Complex permittivity of normal breast tissues used in numerical phantom.
makes it look like a hollow cylinder. On the other hand, the H-UWB reconstruction preserves much more
the shape of the cylinder and its uniformity. Figure 4.2 (c) presents a cut of the reconstructed image
through the center of the cylinder.
4.2.2 Realistic breast phantom numerical results
4.2.2.1 Numerical breast phantom
A circular 2D cross-sectional breast model is considered, with a diameter of 90 cm, containing a 16 mm
diameter tumor inside, as depicted in ﬁgure 4.3. A 3 mm thick skin layer covering the breast tissue is
used in order to simulate a realistic situation. The complex permittivity values used in the phantom are
given in table 4.1. Note, that they correspond approximately to the average values of the diﬀerent tissue
groups of normal breast tissues presented in section 3.4.2.
4.2.2.2 Need of a matching media
Real woman breasts are inherently very inhomogeneous tissues presenting high contrasts as reported 3.4.2.
Abrupt changes of permittivity between two medias produce important reﬂections, and thus the trans-
mitted signal into the internal medium may be poor. A particularly problematic interface is between the
external medium and the skin of the breast, which has a high permittivity. To illustrate it, ﬁgures 4.4
(a) and (b) present the result of the reconstruction of the contrast proﬁle for the realistic breast phantom
Sensors
ØTx=180mm
ØRx=150mm
Tumor
15mm
Breast
90mm
Skin 3mm
Matching medium
Figure 4.3: Sketch of the geometry of realistic numerical breast phantom.
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(a) Permittivity proﬁle of a real-
istic breast phantom with air as a
matching medium.
(b) H-UWB reconstruction of the
contrast proﬁle for a realistic
breast phantom with air as a
matching medium.
(c) Permittivity proﬁle of a realis-
tic breast phantom with water as
a matching medium.
(d) H-UWB reconstruction of the
contrast proﬁle for a realistic
breast phantom with water as a
matching medium.
Figure 4.4: H-UWB reconstruction of the contrast proﬁle for a realistic numerical breast phantom with a
poor matching.
depicted in ﬁgure 4.3 with air as a surrounding media. In this case the contrast between the air and the
breast tissue is as high as 0.97, which suppose a dramatic mismatch between both media and the signal
rapidly vanishes as it is transmitted to the breast tissue. A similar eﬀect occurs when the surrounding
media is water (ﬁgure 4.4 (c) and (d)), in this case the contrast is lower 0.59, however the tumor can
not be detected and also the shape of the breast is not well reconstructed. This is probably due to a
combined eﬀect of both big contrast and the important losses of water. Due to the losses, the point of
the breast closer to the antennas is more focused than the further points. Nevertheless, when breast and
the antennas are well matched with a surrounding media with similar permittivity as the breast, then the
imaging algorithm should work properly.
Several groups have been investigating in mixtures of materials to simulate whatever normal breast
or tumor tissue by changing the proportion of the included components. Lazebnik et. al. proposed a
sophisticated wideband breast phantom based on a mixture of kerosene and saower oil together with
P-toluic acid and n-propanol, deionized water, surfactant and formaldehyde [50]. Diﬀerent mixtures of
corn-syrup could be an alternative, as presented by Bindu et. al in [51]. Later in [52], investigators in
Mälardalen University of Sweden, reported a mixture of surfactant Triton X-100 and deionized water as
a breast phantom material. Triton X-100 is a commonly used detergent in biochemistry laboratories.
By using diﬀerent concentrations of Triton X-100 and water, and adding salt, the imaginary part of the
permittivity can also be adjusted to resemble that of the real breast tissue over a bandwidth between
300 MHz and 5 GHz. According to this, they propose diﬀerent proportions of this materials to emulate
healthy breast tissue and tumoral tissue, which are depicted in table 4.2.
Consequently, by using the proposed mixture of Triton X-100, water and salt to simulate breast tissue
as a matching media, the algorithm is able to reconstruct and locate the position of the tumor with quite
accuracy as well as to determine its size. The breast is also well reconstructed preserving its shape and
position. See ﬁgure 4.5.
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Tissue Composition ε′ ε′′
Normal breast tissue 50% Triton X-100 / water mixture with 0.5% salt 34 11.5
Tumoral tissue 20% Triton X-100 / water mixture with 0.5% salt 57.4 17.4
Table 4.2: Diﬀerent proportions of Triton X-100, water and salt to emulate healthy breast tissue and
tumoural tissue at 3 GHz [52].
(a) Permittivity proﬁle of a real-
istic breast phantom with proper
matching medium.
(b) H-UWB reconstruction of
the contrast proﬁle for a realis-
tic breast phantom with proper
matching medium.
(c) Cut of the H-UWB recon-
struction.
Figure 4.5: Reconstructions of the contrast proﬁle for a realistic numerical breast phantom with a solution
of Triton X-100, water and salt as matching medium.
4.2.2.3 How similar breast and matching medium permittivities must be?
The answer of this question is very important when thinking in an hypothetical implementation of the
system. As commented in section 3.4 breasts present a high variability in permittivities between patients
depending on the percentage of adipose tissue, and thus it is convenient to know how accurate the
estimation of the dielectric properties of the breast under investigation must be. To know quantitatively
which is the permitted deviation of permittivities between the breast tissue and the matching media, a
set of simulations making a sweep of the matching medium permittivity was done. All these simulations
consist of a real breast phantom with the insertion of a tumoral tissue as depicted in ﬁgure 4.3 with the
permittivities shown in table 4.1. A solution of Triton X-100 with diﬀerent proportions of water has been
considered as matching medium, see ﬁgure 4.6 for dielectric information of the diﬀerent concentrations.
Taking into account that the permittivity of a normal breast tissue is 34, then the sweep in matching
medium permittivities could be done between 15 and 40 in steps of one unit. In ﬁgures 4.7 and 4.8,
the results are presented. It can be observed that some evidence of the tumor can be seen in all of the
reconstructions, being clearly detectable when the permittivity of the matching medium is between 19
and 37. This fact is preconditioned by the knowledge of the position of the tumor, however if we want to
be more rigorous, we can establish that the detection is possible when the tumor has a level of 3 dB or
higher than the surrounding. In this way, we can say that between 35 and 24 , the detection is over the
threshold of 3 dB. According to it, let us deﬁne the fractional permittivity variation as shows equation
4.1.
FPV =
ε′0,max − ε′0,min
ε′breast
· 100 (4.1)
where
(
ε′0,max
)
and
(
ε′0,min
)
are the maximum and minimum matching medium permittivities and
(ε′breast) is the breast tissue permittivity. In this case FPV=32.3%. Alternatively, in terms of contrast,
the maximum allowed contrast (deﬁned as shows equation) between breast tissue permittivity (ε′breast)
and matching medium permittivity (ε′0) is 3% if the permittivity of the matching medium is higher than
the permittivity of the breast, and 42% otherwise. Thus, according to this results, it is always better to
have a lower permittivity matching media.
C =
∣∣∣∣1− ε′breastε′0
∣∣∣∣ · 100 (4.2)
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(a) Real part. (b) Imaginary part.
Figure 4.6: Measured complex permittivity of diﬀerent concentrations of Triton X-100 mixed in deionized
water [52].
Composition ε′ ε′′
60% ethanol / water mixture 37.18 4.01
65% ethanol / water mixture 33.35 3.74
70% ethanol / water mixture 29.51 3.46
Table 4.3: Diﬀerent proportions of ethanol and water mixture proposed as matching medium, at 3 GHz.
Another important observation, is that for a ﬁlled breast phantom, a centered circular artifact appears
when some mismatching between the surrounding media and the breast exists, specially when the per-
mittivity of the surrounding media is smaller than that of the breast, which can be interpreted as false
positive detection. However if the contrast in permittivity is reduced, this central artifact tends to disap-
pear, being completely removed when the permittivities are the same. Finally, it can also be extracted,
that our algorithm is more sensitive to the real part of the permittivity, rather than to the imaginary
part. This is an interesting remark, since we could use low losses liquids, which is always interesting to
have suﬃcient SNR and do not loose penetration capability.
Nevertheless, Triton X-100 is skin and eye irritant, is harmful if swallowed and thus it must be handled
with care. The manufacturer speciﬁes the following handling recommendations in the material safety data
sheet [53] which can be summarized as follows.
 Avoid contact with eyes, skin and clothing.
 Avoid breathing vapor and handle with adequate ventilation.
 Avoid repeated or prolonged exposure.
 Wash thoroughly after using.
For those reasons we have considered that Triton X-100 is not a suitable material to surround the breast
in real inspections. Hence, we propose a mixture of ethanol and water as matching medium. Ethanol has
been chosen because it is a commonly used liquid in medical applications, it is very soluble with water and
principally because presents a low permittivity and low losses (ε′ = 6.5, ε′′ = 1.82, at 3 GHz). In this way,
when ethanol is dissolved with water, the permittivity and the losses decrease with respect to pure water
(ε′ = 83.2, ε′′ = 17.4, at 3 GHz). Table 4.3 shows approximately the dielectric properties of diﬀerent
mixtures of water and ethanol. In ﬁgure 4.9, the contrast proﬁle reconstructions for the realistic breast
phantom using diﬀerent concentrations of ethanol + water are presented. The good tumor detection
capability as well as the preservation of shape and size of the breast, shown when the permittivity of
the mixture is close to that of the breast tissue, suggests that 65% ethanol/water mixture should be a
harmless candidate of matching medium.
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(a) Matching medium ε′ = 40, ε′′ = 3.7 (b) Matching medium ε′ = 39, ε′′ = 3.7 (c) Matching medium ε′ = 38, ε′′ = 3.7
(d) Matching medium ε′ = 37, ε′′ = 3.7 (e) Matching medium ε′ = 36, ε′′ = 3.7 (f) Matching medium ε′ = 35, ε′′ = 3.7
(g) Matching medium ε′ = 34, ε′′ = 3.7 (h) Matching medium ε′ = 33, ε′′ = 3.7 (i) Matching medium ε′ = 32, ε′′ = 3.7
(j) Matching medium ε′ = 31, ε′′ = 3.7 (k) Matching medium ε′ = 30, ε′′ = 3 (l) Matching medium ε′ = 29, ε′′ = 3
(m) Matching medium ε′ = 28, ε′′ = 3 (n) Matching medium ε′ = 27, ε′′ = 3 (o) Matching medium ε′ = 26, ε′′ = 3
(p) Matching medium ε′ = 25, ε′′ = 3 (q) Matching medium ε′ = 24, ε′′ = 3 (r) Matching medium ε′ = 23, ε′′ = 3
(s) Matching medium ε′ = 22, ε′′ = 3 (t) Matching medium ε′ = 21, ε′′ = 3 (u) Matching medium ε′ = 20, ε′′ = 2.7
Figure 4.7: Permittivity proﬁle and H-UWB reconstruction for a sweep in matching medium per-
mittivity for a realistic breast phantom tissue (ε′breast = 34, ε
′′
breast = 11.5), surrounded by skin
(ε′skin = 37, ε
′′
skin = 8) with the inclusion of a tumor (ε
′
tumor = 54.7, ε
′′
tumor = 17.4).
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(a) Matching medium ε′ = 19, ε′′ = 2.7 (b) Matching medium ε′ = 18, ε′′ = 2.7 (c) Matching medium ε′ = 17, ε′′ = 2.7
(d) Matching medium ε′ = 16, ε′′ = 2.7 (e) Matching medium ε′ = 15, ε′′ = 2.7 (f) Matching medium ε′ = 10, ε′′ = 2.7
Figure 4.8: Cont. Permittivity proﬁle and H-UWB reconstruction for a sweep in matching medium
permittivity for a realistic breast phantom tissue (ε′breast = 34, ε
′′
breast = 11.5), surrounded by skin
(ε′skin = 37, ε
′′
skin = 8) with the inclusion of a tumor (ε
′
tumor = 54.7, ε
′′
tumor = 17.4).
(a) Solution of 60% ethanol/water as match-
ing medium.
(b) Solution of 65% ethanol/water as
matching medium.
(c) Solution of 70% ethanol/water as match-
ing medium.
Figure 4.9: Permittivity proﬁle and H-UWB reconstruction of the contrast proﬁle for a realistic numerical
breast phantom with a solution of ethanol/water as matching medium.
4.2.2.4 Small tumor detection capability
Another important issue for breast tumor detection applications is the capability of detecting early stage
cancers. Early stage breast cancer is of vital importance to prevent from metastasis processes or mastec-
tomy (clinical removal of one or both breasts, partially or completely) which is the most recurrent operation
in patients presenting a tumor larger than 5 cm that does not shrink very much with chemotherapy. By
an early stage cancer detection, the survival rate is radically enhanced by performing a lumpectomy (wide
local excision), which allows to preserve the breast, and chemotherapy treatment. To test the capability of
UWB Hybrid Focusing algorithm to detect small breast tumors, a set of simulations doing a sweep of the
radius of the tumor between 0.5 mm and 5 mm, using a convenient matching medium (ε′ = 34, ε′′ = 3.7),
is presented in ﬁgure 4.10. As can be seen, from a radius of 3 mm the tumor begins to appear, being
more visible when it has a radius of 4 mm. However if we go back to the deﬁnition of detection made in
the previous section, we can say that the minimum detectable tumor size is 5 mm in radius to ensure a
level 3 dB higher than the surrounding.
4.2.2.5 Robustness to inhomogeneity of breast tissue
Breast is a very inhomogeneous tissue, and thus, it is important that reconstruction algorithms could
be robust to some variations in the tissue. As has been reported in [54], random variations of ±10%
around the nominal dielectric properties of breast tissues can be considered typically. Accordingly, to
test the robustness of UWB Hybrid focusing to breast inhomogeneity, the realistic breast phantom which
is being used in the previous simulations, has been modiﬁed to present ±10% variations of both real
and imaginary parts of the permittivity in the breast tissue. To do that, the breast tissue has been
discretized into homogeneous 4 mm squares with diﬀerent complex permittivity each other. As shows
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(a) Radius of tumor 0.5 mm. (b) Radius of tumor 1 mm. (c) Radius of tumor 2 mm.
(d) Radius of tumor 3 mm. (e) Radius of tumor 4 mm. (f) Radius of tumor 5 mm.
Figure 4.10: Permittivity proﬁle and H-UWB reconstruction of the contrast proﬁle for a realistic numerical
breast phantom with diﬀerent radius tumors.
ﬁgure 4.11, which presents the reconstructed contrast proﬁle for that inhomogeneous breast, the tumor
can be detected and its size, shape and position well reconstructed in spite of the inhomogenity.
(a) Permittivity proﬁle of a real-
istic breast phantom with proper
matching medium.
(b) Reconstruction of the con-
trast proﬁle for a realistic breast
phantom with proper matching
medium.
(c) Cut of the H-UWB recon-
struction.
Figure 4.11: H-UWB reconstruction of the contrast proﬁle for a realistic numerical breast phantom
presenting inhomogeneities with a solution of Triton X-100, water and salt as matching medium.
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Chapter 5
Experimental validation
The last part of the work is devoted to the experimental validation of the imaging system presented in
previous chapters. For this purpose, a two degrees of freedom imaging setup designed to deal with non-
symmetric realistic objects has been implemented to demonstrate the whole functionality of the algorithm.
Another issue covered in this chapter is the realization of breast phantoms progressively more realistic,
ﬁrstly to verify the functionality of the experimental setup and later to test the capability of the algorithm
to detect tumors in phantoms emulating the relative contrasts exhibited by real women breasts.
5.1 Measurement system
At present, we have developed a cylindrical system for microwave tomography. At the current stage of
development, the imaging setup was designed to obtain the scattered ﬁelds of a cylindrical object, thus
allowing to reconstruct the properties of a slice of it. To do that, the microwave tomographic system has
to incorporate the following parts: a network analyzer will take care of the excitation signal generation
as well as the acquisition of the measured signal, a rotary system will provide the movement of the an-
tennas, since only one transmitting and one receiving antenna is available, and ﬁnally a computer will
control remotely all the parts as well as store the data. The measurements are carried out in the antennas
laboratory situated in TSC department in Universitat Politècnica de Catalunya (UPC).
In order to deal with general uncentered non-symmetric objects, the rotary system has to provide
two degrees of freedom allowing the independent rotation of transmitting and receiving antennas. This is
achieved using two high-resolution rotary stages that share the same rotating axis; the object under test
and the receiving antenna are rotated concentrically and independently while the transmitting antenna
remains in a ﬁx location, see ﬁgure 5.1. This conﬁguration allows to construct two circular virtual arrays
for the transmitting and the receiving antennas. Each virtual antenna array is composed by N sensing
points uniformly distributed along a circumference of 15 cm and 18 cm in diameter, for the receiver and
transmitter respectively, completely surrounding the object under test. By capturing the received signal
in all sensing positions provided by the combined movement of the receiver and the object, a complete
2D section of a general object under test is obtained.
5.1.1 Network analyzer
An Agilent E8362 PNA series network analyzer has been used for this measurements. This network
analyzer is able to generate and measure microwave signals from 10 MHz to 20 GHz. In particular, the
magnitude of interest is the S21 parameter between the two ports of the device, where the transmitter
and the receiver antennas have been connected. Before the measurements, it has to be calibrated with a
thru replacing the antennas, in this way the eﬀects of the cables and the transitions can be removed. The
conﬁguration of the network analyzer to make this measurements is as shows table 5.1.
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Tumor phantom
Skin phantom
Rotating 
receiving 
antenna
Fixed 
transmitting 
antenna
(a) Schematic artist view of the movement system in-
cluding the antennas and the breast phantom.
(b) Photograph of the complete
microwave tomographic system.
Figure 5.1: The experimental setup consists of two UWB antennas one of them on a rotary stage, and
the other on a ﬁxed immobile platform. The object under test is also rotating on an independent rotary
stage.
Frequency range 1 GHz - 20 GHz
Number of points 401
Resolution bandwidth 1 KHz
Power level 0 dBm
Table 5.1: Conﬁguration of network analyzer.
5.1.2 Controllers and step-by-step rotary stages
Two controllers GCD 93-70 for stepped motors have been used to control independently two high resolu-
tion rotary stages RT-5-10 from Newmark Inc, see ﬁgure 5.2. The most important characteristics of this
rotors are summarized in table 5.2.
As we can see, the most restrictive characteristic of the rotors is the accuracy (0.017º). If we ﬁx as a
criteria of a minimum required linear resolution of 4x = λ/100 and traduce it to angular resolution 4ϕ,
4ϕ = 2pi2piamax
4x
=
λmin
100amax
[rad]→ amax = c1004ϕfmax (5.1)
where amax is the maximum diameter of the antenna array in meters, c is the speed of light and fmax
is the upper frequency of UWB range.
Repeatability 0.0014º
Resolution 0.0001º
Accuracy 0.017º
Gear ratio 72:1
Motor Nema 17 stepper motor, 1.2 Amps/phase
Maximum load 45.36 kg
Maximum input speed 30º/s
Travel 360º continuous
Stage weight 2.27 kg
Table 5.2: Most relevant technical characteristics of rotary stages RT-5-10.
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(a) GCD 93-70 stepped mo-
tor controller.
(b) RT-5-10 rotary stage.
Figure 5.2: GCD 93-70 stepped motor controller and RT-5-10 rotary stage.
According to equation 5.1, the accuracy of the rotary stage restricts the radius of the probing array to
a amax = 1.03m, which is suﬃcient for breast cancer detection applications working in UWB frequency
range.
5.1.3 UWB antennas
The antennas used for this measurements are planar elliptical monopole antennas fed by coplanar waveg-
uide (CPW). They are composed by a radiant elliptic element situated at the upper half which is fed by
the CPW from the lower part. The illuminating signal generated by the network analyzer comes through
a coaxial cable, which is connected to the CPW via SMA. At the lower half, there is the ground plane,
which has been retreated forming an ellipse around the CPW. In ﬁgure 5.3 a photograph of the antenna is
presented. This is a commonly used UWB antennas since provide a good matching that varies gently over
the bandwidth of interest and its horizontal radiation pattern is almost omnidirectional at all frequencies.
This can be clearly seen in ﬁgure 5.4 that presents the evolution of the measured S11 parameter over the
frequency. It can be seen that the matching is always smaller than -10 dB over the bandwidth of inter-
est. Due to the small size of the ground plane, this antenna is very sensitive to movements, producing an
important ripple when it is handled. Hence is interesting to ﬁx them tightly during the hole measurement.
Figure 5.5 shows the radiation patterns. Plots 5.5 (a), (b), (c), (j), (k) and (l), consist of the 3D radia-
tion pattern represented in a planar surface for both Eθ and Eφ polarizations. This kind of representation
presents the hole sphere in a circle where the north pole of the sphere corresponds to the center of the
circle and the south pole has been expanded and corresponds to the perimeter of the circle. Then θ angle
increases according to a radius from the center of the circle (θ = 0º) to the edge (θ = 180º), and φangle
varies along the circumference between 0º and 360º. Figures 5.5 (d), (e), (f), (g), (h) and (i) present
the main cuts of the radiation patterns in the dominant Eθ polarization. As can be seen, the radiation
pattern is almost dipole like at all the frequencies, having a null in the vertical direction (z axis) which
is more visible at higher frequencies, and it is almost omnidirectional in H plane. Figure 5.3 shows the
situation of the coordinate system used in the radiation pattern representation.
5.2 Experimental results
In this section, the ability of the UWB Hybrid focusing algorithm will be tested, this time based upon
experimental measurements. Currently, the available measurement system do not permit to use any liquid
as matching media, thus, all the permittivities of the breast phantom must be scaled to be matched with
the surrounding media, which is air.
5.2.1 Preliminary experimental validation
The tomographic measurement setup presented in this work, was developed in two stages. The embryonic
system consisted of only one degree of freedom provided by a single rotary stage. In this system, a trans-
mitting antenna remained in a ﬁxed static position, while the receiving antenna was placed on a rotary
stage solidarily with the body under test. Due to the use of a single rotor, only reconstructions of bodies
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(a) UWB planar elliptical monopole antenna
used in measurements.
(b) Situation of coordinate system
over the antenna.
Figure 5.3: UWB planar elliptical monopole and situation of the coordinate system.
Measurement
Simulation
Figure 5.4: S11 parameter of UWB planar elliptical monopole antenna used in measurements.
that present a symmetry of revolution can be tested. Note that the transmitter and receiver antennas
can not follow the same circular path, and thus diﬀerent radius of rotation have to be considered. This
introduces some modiﬁcations into the formulation of the reconstruction algorithm.
In spite of being very simple, this ﬁrst system was useful to familiarize us with the particularities
of experimental measurements. With this system, two diﬀerent size cylinders will be studied, the ﬁrst
one consists of a steel cylinder of 40 mm in diameter, and the second is a nylon cylinder of 15 mm in
diameter (ε′ = 3.1). Two successive measurements, in presence and absence of the objects, have to be
performed to measure the scattered ﬁelds. Figure 5.6 show the H-UWB reconstruction for both scenarios.
It should be noted the clear diﬀerence in sizes for the reconstructed cylinders, which are always bigger
than the real size, due to the resolution available in the system. It its quite interesting to note the match
between real measurement and simulated data, which encourages to test more realistic scenarios. This
more complex phantom consists of a PVC cylinder of 90 mm in diameter and 3 mm of thickness (ε′ = 2.7)
with the inclusion of a 15 mm diameter nylon cylinder in the center. The corresponding reconstructed
H-UWB image is shown in ﬁgure 5.7 in comparison with the simulated results. It can be seen how the
reconstruction procedure is able to retrieve the hollow cylinder shape as well as the centered cylinder.
The higher values for the centered cylinder can be explained as a side eﬀect of the extreme symmetry of
the geometry, which is always enhancing the central point.
5.2.2 Realistic breast phantom experimental results
In this part, by using the more evolved measurement setup with two degrees of freedom, more sophisticated
and realistic breast phantoms can be scanned. Firstly, we will focus on empty breast phantoms, where
the matching between the surrounding media and the breast is perfect. Finally, the same breast phantom
will be ﬁlled with sunﬂower oil, to test the robustness of the system to some permittivity mismatching.
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(a) Polarization Eθ at 3GHz (b) PolarizationEθ at 6.5GHz (c) PolarizationEθ at 10GHz
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(e) E plane at 6.5GHz
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(f) E plane at 10GHz
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(h) H plane at 6.5GHz
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(i) H plane at 10GHz
(j) PolarizationEφ at 3GHz (k) PolarizationEφ at 6.5GHz (l) Polarization Eφ at 10GHz
Figura 5.5: Measured radiation patterns of UWB planar elliptical monopole antenna.
40 CHAPTER 5. EXPERIMENTAL VALIDATION
Sensors
ØTx=180mm
ØRx=150mm
Nylon cylinder
15 mm
Air
(a) 40 mm diameter PEC cylinder (geom-
etry sketch).
(b) 40 mm diameter PEC cylinder
(measurement).
(c) 40 mm diameter PEC cylinder
(simulation).
Sensors
ØTx=180mm
ØRx=150mm
Nylon cylinder
15 mm
Air
(d) 40 mm diameter PEC cylinder (ge-
ometry sketch).
(e) 15 mm diameter nylon cylinder
(measurement).
(f) 15 mm diameter nylon cylinder
(simulation).
Figure 5.6: H-UWB reconstruction of a measured centered cylinder in comparison with simulated data.
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(a) Geometry sketch. (b) Measurement. (c) Simulation.
Figure 5.7: H-UWB reconstruction for the experimental measurements in comparison with the same
simulated scenario of a hollow PVC cylinder (90 mm diameter) with a centered 15 mm diameter cylinder
of nylon.
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5.2.2.1 Experimental breast phantom
In this part, by using the values of breast tissue dielectric characteristics of section 3.4 as a platform,
a realistic breast phantom for the experimental validation has been developed. The goal is to ﬁnd a
simple breast phantom structure composed by commonly used materials. However, at the current stage
of development, it is not possible to put any surrounding media diﬀerent form the air, for this reason
realistic phantoms exhibiting the same permittivity as real woman breasts, can not be scanned. Instead,
by scaling the permittivities, the same relative contrasts as real breasts can be obtained using air as a
matching medium. Since the algorithm is bidimensional, the breast phantom has to be uniform in the
vertical dimension, and thus, a 3 mm thick and 90 mm diameter PVC tube has been chosen as a holding
structure of the phantom, which at the same time emulates the skin. Inside the PVC tube, another PVC
thinner tube of 1 mm thick and 16 mm of diameter, has been placed to simulate the tumor. Both tubes
can be ﬁlled with any liquid simulating breast normal tissue and tumoral tissue respectively. In ﬁrst trials,
air was chosen as breast tissue and nylon as tumoral tissue. Later, sunﬂower oil modeled healthy breast
tissue, whereas tumoral tube was ﬁlled with water. Furthermore, the particular mechanization of the
phantom allows to use a set of privileged positions for the breast as well as the tumor, allowing a total
of six diﬀerent conﬁgurations. The materials used for the phantom compared with the real values can be
observed in table 5.3.
Tissue Composition ε′ ε′′
External medium air 1 0
Skin PVC 2.7 0.15
Normal breast tissue air 1 0
sunﬂower oil 2.5 0.1
cover: PVC 2.7 0.15
core: water 83.4 17.4
Tumor cover: PVC 2.7 0.15
core: air 1 0
nylon 3.1 0.22
Table 5.3: Materials used in the realistic breast phantom.
5.2.2.2 Air ﬁlled breast phantom
The ﬁrst scenario consists of a hollow PVC tube representing the skin of the breast tissue placed in an
uncentered position with respect to the encircling geometry. A thinner nylon cylinder emulating the
tumor is inserted 20 mm oﬀ-center from the breast phantom. Table 5.4 summarizes the permittivities
and the contrasts for scenario. In this part, the convenience of using an incoherent combination of
the diﬀerent monofrequency images, will be shown by means of complete 2D reconstructions. Figure
5.8 presents the reconstruction of this scenario using both coherent (C-UWB) and incoherent (H-UWB)
combination methodologies. The second scenario (ﬁgure 5.9) consists of the same geometry than the
previous measurement, but in this case the tumor phantom has been removed. From these reconstructions,
it can be seen that both scenarios have been well reconstructed, and in both cases the characteristics of
interest, breast and tumor location and size, have been perfectly obtained. It should be noted that in each
reconstruction, both combination procedures, coherent and incoherent, have performed well in obtaining
the results. The reason of this is that the electrical size of the objects is not enough to introduce a high
slope in the phase of our reconstructed images, and thus, we obtain beneﬁts from the coherent combination
in terms of artifact removal.
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(a) Geometry. (b) H-UWB combination. (c) C-UWB combination.
Figure 5.9: UWB reconstruction from experimental measurement of a hollow healthy breast phantom.
Tissue Composition ε′ ε′′ Contrast
External medium air 1 0 -
Skin PVC 2.7 0.15 0.62
Normal breast tissue air 1 0 0.62
Tumor Nylon 3.1 0.22 0.67
Table 5.4: Summary of permittivities and contrasts for a hollow breast phantom with malignant tissue.
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(a) Geometry. (b) H-UWB combination. (c) C-UWB combination.
Figure 5.8: UWB reconstruction from experimental measurement of a hollow breast phantom with ma-
lignant tissue.
5.2.2.3 Sunﬂower oil ﬁlled breast phantom
The data for the ﬁnal scenario has been produced both from measurements and simulations. In this case
the disposition is the same as the previous scenario, but the PVC tube has been ﬁlled with sunﬂower oil
(ε′ = 2.5, ε′′ = 0.1), in order to introduce a dielectric media in the breast phantom, which is a more realis-
tic approach, refer to table 5.5 for dielectric properties information of this scenario. Figure 5.10 illustrates
with simulated data, the beneﬁts of performing H-UWB combination in this case. As can be seen, the
coherent combination is unable to retrieve the tumor location, due to the destructive combination of the
diﬀerent images result of the residual phase slope; on the other hand the incoherent reconstruction is able
to return the existence of a ﬁlling media inside of the phantom, and also is capable of locating the tumor.
5.2. EXPERIMENTAL RESULTS 43
Sensors
ØTx=180mm
ØRx=150mm
Breast
90mm
Skin 3mm
Air
10mm
Tumor
15mm
20mm
(a) Geometry. (b) H-UWB combination. (c) C-UWB combination.
Figure 5.10: UWB reconstruction from simulations of a sunﬂower oil ﬁlled breast phantom with an
inclusion of a nylon tumoral tissue.
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Figure 5.11: Geometry of a realistic breast phantom ﬁlled with sunﬂower oil.
Tissue Composition ε′ ε′′ Contrast
External medium air 1 0 -
Skin PVC 2.7 0.15 0.62
Normal breast tissue sunﬂower oil 2.5 0.1 0.07
Tumor Nylon 3.1 0.22 0.19
Table 5.5: Summary of permittivities and contrasts for a sunﬂower oil ﬁlled breast phantom with an
inclusion of a nylon tumoral tissue.
Once demonstrated the convenience of performing incoherent combination of coherent images more
graphically, in the following ﬁgures 5.12 and 5.13, the reconstructed contrast proﬁle of the same realistic
breast phantom ﬁlled with sunﬂower oil from experimental measurements is presented (see ﬁgure 5.11).
In this measurements, the tumor is not a solid cylinder, but a tube which was ﬁlled ﬁrstly with water
(dielectric permittivities of this scenario are in table 5.6) and then with air (dielectric permittivities of this
scenario are in table 5.7). In both reconstructions, we can observe, specially in the measurements, that
for a ﬁlled breast phantom, a centered circular artifact appears, which can be interpreted as false positive
detection in an actual patient examination. Simulation results presented previously, illustrate that if the
contrast in permittivity between the background medium and the breast is reduced, this central artifact
tends to disappear. Moreover, if the tumor is ﬁlled with water, it appears more focused than the central
artifact, since the contrast between the breast and the tumor is bigger than if the tumor is ﬁlled with air.
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Tissue Composition ε′ ε′′ Contrast
External medium air 1 0 -
Skin PVC 2.7 0.15 0.62
Normal breast tissue sunﬂower oil 2.5 0.1 0.07
Tumor cover: PVC 2.7 0.15 0.07
core: water 83.4 17.4 0.96
Table 5.6: Summary of permittivities and contrasts for a sunﬂower oil ﬁlled breast phantom with an
inclusion of a water ﬁlled tumoral tube.
(a) Permittivity proﬁle. (b) Simulation. (c) Measurement. (d) Cut of the H-UWB recon-
struction of the measurement
data.
Figure 5.12: H-UWB reconstruction from measurements of a sunﬂower oil ﬁlled breast phantom with an
inclusion of a water ﬁlled tumoral tube.
Tissue Composition ε′ ε′′ Contrast
External medium air 1 0 -
Skin PVC 2.7 0.15 0.62
Normal breast tissue sunﬂower oil 2.5 0.1 0.07
Tumor cover: PVC 2.7 0.15 0.07
core: air 1 0 0.62
Table 5.7: Summary of permittivities and contrasts for a sunﬂower oil ﬁlled breast phantom with an
inclusion of an air ﬁlled tumoral tube.
(a) Permittivity proﬁle. (b) Simulation. (c) Measurement. (d) Cut of the H-UWB recon-
struction of the measurement
data.
Figure 5.13: H-UWB reconstruction from measurements of a sunﬂower oil ﬁlled breast phantom with an
inclusion of an air ﬁlled tumoral tube.
Chapter 6
Conclusions
In this work a complete UWB Tomographic system, applied to high contrasted large objects, has been
presented. UWB Hybrid Focusing algorithm (amplitude combination of single frequency coherent images)
has been formulated and proposed as a robust microwave tomographic reconstruction algorithm suitable
for breast tumor detection. UWB frequency range is used as a trade-oﬀ between resolution and penetration
depth. Moreover, incoherent frequency combination provides smother images rather than monofrequency
approaches, preserving better the size, shape and appearance of the imaged bodies, specially when Born
approximation is not fulﬁlled. Concerning the incoherence character of the frequency combination, it
is necessary due to the inherent non-Born nature of the scenario in breast tumor detection. When an
inhomogeneous body do not accomplish Born, a residual phase variation in the reconstructed contrast
spectrum with respect to the frequency appear, and its slope increases when the electrical size of the
object, or its contrast increase. Hence, a coherent combination would not be applied in this case, unless
that slope was compensated by introducing some a priori information. Instead, a magnitude averaging
is proposed, although there is a loss of quantitative dielectric properties information, but the size is well
preserved and does not require extra information that could introduce some internal bias towards the
reconstructed solution, as could happen in iterative algorithms.
For the algorithm validation a set of simulations have been reconstructed and its results discussed.
UWB Hybrid Focusing provides with accurate detection capabilities, even when high contrast scenarios
are considered, preserving both shape and position. A very sensitive issue, which can ruin a reconstruc-
tion, is the matching between breast tissue and the surrounding media. Abrupt changes of permittivity
between two consecutive medias produce important reﬂections, and thus the transmitted signal into the
internal medium may be poor. This fact, poses a challenge to any tomographic algorithm applied to breast
cancer detection since breasts present high variability within patients and are inherently inhomogeneous
itselves. In order to solve this problem, a matching media can be used between the antennas and breast
tissue. Nevertheless, the choice of this external medium has to be carefully done to ensure good matching
without many losses and comfortable application to the breast. A set of simulations performed using
a mixture of Triton X-100, water and salt as a matching liquid, showed that the maximum permissible
contrast is 3% if the permittivity of the matching medium is higher than the permittivity of the breast,
and 42% otherwise. Thus, it is always better to have a lower permittivity matching media. Provided by
the fact that there is a variability in breast tissue permittivity between 5 and 55 depending on the adipose
content of the breast, some knowledge of the dielectric properties of the particular breast being inspected
is required in order to choose a suitable matching medium to avoid exceeding the thresholds. Thus, more
research has to be done in this direction. Back to the composition of the matching medium, due to the
harmful character of Triton X-100, we have proposed, a mixture of ethanol and water as an alternative,
showing good results for the moment. Another important observation, is that when breast phantom is
ﬁlled with some material, a centered circular artifact appears, which can be interpreted as false positive
detection. Simulation results show that if the contrast in permittivity between the background medium
and the breast is reduced, this central artifact tends to disappear
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Figure 6.1: Experimental setup of the robot controlled data acquisition system. The robot (I) with the
receiving antenna (II), water-ﬁlled tank (III) with ﬁxture (transmitting antenna, rotational board, object
and step motor) (IV), VNA (V), and the PC (VI) [38].
Special attention has been also devoted to experimental concerns; a two degrees of freedom experimen-
tal setup capable to synthesize two cylindrical virtual arrays for both transmitting and receiving antennas,
has been implemented and used to measure non axially symmetric scenarios. In order to test the experi-
mental setup, a 2D breast phantom consisting of a thin uncentered cylinder modeling the tumor inserted
into an empty PVC tube, has been conceived, showing accurate results, quite similar to the simulations,
for both coherent and incoherent combination procedures. By ﬁlling the PVC tube with sunﬂower oil, the
phantom acts as an electrically large object, and thus only a incoherent combination approach is capable
to detect tumoral tissue.
6.1 Future work
As a result of this work, a theoretical and experimental platform for imaging inhomogeneous objects using
UWB Hybrid Focusing algorithm and the circular imaging system setup has been established. However,
still a lot of work is needed:
The inﬂuence of variations in the background medium must be further investigated in order to improve
the sensitivity and accuracy of the system. Related to this, a more precise characterization of the proposed
ethanol+water mixture would be required. To do that, as well as to characterize all the materials used
in the experimental phantom, it would be interesting to have an experimental permittivity measurement
system. Roughly speaking, permittivity can be measured by observing the disturbance of the propagation
in a waveguide when we introduce the material under test in it.
Concerning experimental measurements, it would be interesting to test the algorithm with a breast
phantom exhibiting the same permittivities as real woman breasts, instead of scaled values. For this
reason, we foresee the possibility to use the Mälardalen Univerisity robot based data acquisition system
in order to verify the robustness of our UWB Hybrid Focusing method to deal with a more realistic breast
phantom. This ﬂexible data acquisition system for microwave imaging, consists of an ABB robot which
controls the mechanical positioning of the receiving antenna, thus allowing to cover diﬀerent geometries,
a 2 m diameter water tank into which the object is immersed, and object ﬁxture with a rotator for multi-
view process. Two monopole antennas are connected to a vector network analyzer (VNA) and a developed
Matlab interface controls the data acquisition. The complete system is depicted in ﬁgure 6.1. As said,
we would be interested in obtaining experimental data by using water both as matching and breast tissue
constituents, and as far as possible, ethanol+ water as matching and breast ﬁlling.
Appendix A
Mathematical development of the
frequency dependence
The scattered ﬁeld produced by a dielectric cylinder when the incident ﬁeld is a cylindrical wave can
be expressed in cylindrical coordinates as shows equation A.1 [55]. In this case the object under test is
situated at the origin of coordinates and the source is a inﬁnite wire of current I. The source is situated
at a position ρ′ and the receiver is situated at a position ρ as shows ﬁgure A.1.
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Being ε0 the relative permittivity of the external medium, ε0 the relative permittivity of the object
under test, k0 = ω
√
ε0µ0 and kc = ω
√
εcµc the wavenumber of the external medium and object under
test respectively and ω = 2pif is the angular frequency. Jn (x) is the Bessel function of the ﬁrst kind
and order n and H
(2)
n (x) is he Hankel function of second kind and order n. This expression is true when
|ρ| > a, which is the case of an object enclosed in a circular array of antennas. f ′ (x) indicates the ﬁrst
derivative of the function f(x), if this function is a Bessel function it can be calculated by using the
following property (equation A.3).
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Figure A.1: Geometry of the problem. The object under test is situated at the origin of coordinates, the
source is a inﬁnite wire of current I situated at a position ρ′ and the receiver is situated at a position ρ.
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J ′α (x) = Jα−1 (x)−
α
x
Jα (x) (A.3)
As shown in section 2.2 [11], the 2D Fourier transform of the reconstructed contrast proﬁle can be
calculated as
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Similarly to what was done in the in section 2.2, equation A.4 can be seen as a 2D convolution
between the scattered ﬁeld and the current that generates a plane wave existing along the circular array.
This convolution can be easily calculated as the inverse Fourier transform of the product between the
corresponding spectrums. Particularizing for an array of transmitting and receiving probes placed along
a circle of radius R, the spectrum of the scattered ﬁeld can be calculated as equation A.5.
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In section 2.2 we have deﬁned II (ϕ;σ) as equation A.6.
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The corresponding Fourier transform can be calculated as equation A.7
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j(n+m)
H
(2)
n (k0R)H
(2)
m (k0R)
ej(n−r)ϕej(m−t)σdϕdσ =
=
(
2
ωµ0Rpi
)2 ∞∑
n=−∞
∞∑
m=−∞
j(n+m)
H
(2)
n (k0R)H
(2)
m (k0R)
δ (n− r) δ (m− t)
Thus,
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I˜I (r; t) =

(
2
ωµ0Rpi
)2
j(r+t)
H
(2)
r (k0R)H
(2)
t (k0R)
t, rZ
0 otherwise
(A.8)
By making the product of the previous spectrums and calculating the inverse Fourier transform, we
can retrieve the Fourier transform of the contrast proﬁle. Let us deﬁne
A = − k
2
0I
4ωε0
(A.9)
B =
(
2
ωµ0Rpi
)2
(A.10)
Then,
f˜ (r; t) = E˜s (r, t) I˜I (r; t)
∣∣∣
t=−r
= ABdt
(
H
(2)
t (k0R)
)2
H
(2)
r (k0R)H
(2)
−t (k0R)
f˜ (r; t) =
ABdt
H
(2)
t (k0R)
H
(2)
−t (k0R)
t = −rZ
0 otherwise
Using property A.11.
H
(2)
−α (x) = e
−jαpiH(2)α (x) = (−1)αH(2)α (x)
∣∣∣
αZ
(A.11)
f˜ (r; t) =
{
ABdt
(−1)t t = −rZ
0 otherwise
(A.12)
And calculating the inverse discrete Fourier transform of equation A.12.
f (ϕ;σ) =
∞∑
r=−∞
∞∑
t=−∞
f˜ (r; t) ejrϕejtσ
∣∣∣∣∣
t=−r
= AB
∞∑
t=−∞
(−1)t dtej(ϕ−σ)t (A.13)
Then
C
(
k0
(
θˆ − θˆ0
))
=
1
jωε0
R2f (θ; θ0) = j
I
(k0pi)
2
∞∑
t=−∞
(−1)t dtej(θˆ−θˆ0)t (A.14)
Given a circularly symmetrical spectrum that satisﬁes equation A.15
f˜ (kx; ky) = f˜ (kr) (A.15)
And deﬁning its Fourier transform as
f˜ (kr) =
1
2pi
∞ˆ
−∞
∞ˆ
−∞
f (r) e−jkrrdr (A.16)
With no loss of generality we can pick a polar coordinate system (r; θ) such that the kr and r vectors
lie on the θ = 0 axis. The Fourier transform is now written in these polar coordinates as
f˜ (kr) =
1
2pi
∞ˆ
0
2piˆ
0
f (r, θ) e−jkrr cos θrdrdθ (A.17)
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where θ is the angle between kr and r vectors.
If the function f is circularly symmetric it will have no dependence on the angular variable θ and may
be written f (r). Thus the integration over θ may be canceled out and
f˜ (kr) =
∞ˆ
0
f (r) J0 (krr) rdr (A.18)
Where J0 (kr) is the order 0 Bessel function.
Equivalently,
f (r) =
∞ˆ
0
f˜ (kr) J0 (krr) krdkr (A.19)
To simplify let us particularize for the reconstruction of the central point of the cylinder (r = 0).
f (0) =
∞ˆ
0
f˜ (kr) krdkr (A.20)
Then,
C (center) =
∞ˆ
0
jI
(k0pi)
2
∞∑
t=−∞
(−1)t dtej(ϕ−σ)tkrdkr = jI
(k0pi)
2
∞∑
t=−∞
(−1)t dt
2k0ˆ
0
ej(θˆ−θˆ0)tkrdkr (A.21)
Let us solve the integral in the equation A.21. To to so let us make some deﬁnitions.
θˆ = cos θxˆ+ sin θyˆ (A.22)
θˆ0 = cos θ0xˆ+ sin θ0yˆ (A.23)
cos
(
θˆ − θˆ0
)
= 1− k
2
x + k
2
y
2k20
= 1− k
2
r
2k20
→ kr = k0
√
2
(
1− cos
(
θˆ − θˆ0
))
(A.24)
If we deﬁne x = θˆ − θˆ0, then the integral in A.21 reduces to
2k0ˆ
0
ej(θˆ−θˆ0)tkrdkr = k20
pˆi
0
ejxt sinxdx (A.25)
Using the trigonometric equalities A.26, A.27 and A.28, the integral can be decomposed into four
immediate integrals.
ejxt = cosxt+ j sinxt (A.26)
cos a · sin b = sin (a+ b)− sin (a− b) (A.27)
sin a · sin b = − cos (a+ b) + cos (a− b) (A.28)
Finally,
C (center) =
jI
2pi2

∞∑
t=−∞
t 6=−1,1
(−1)t dt
[
cos (pi (t− 1))
t− 1 −
cos (pi (t+ 1))
t+ 1
] (A.29)
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